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Abstract

Metal pipes are extensively employed in various industrial facilities for substance transportation. During pipe
operation, degradations occur on account for fatigue, corrosion, etc., which may result in pipe failure and thus
cause catastrophic consequences. Conventional non-destructive testing (NDT) methods such as ultrasonic testing
and eddy current testing are of high precision but request probe scans or surface preparations, which are
time&labor consuming. Ergo, an NDT technology using microwave has been proposed to implement rapid and
long-range pipe inspection. Microwaves are propagated inside a pipe as guided waves, while reflection from a
flaw is measured and its time-of-flight is evaluated for location.

Former studies have demonstrated that flaws such as pipe wall thinning and cracks can be detected and located
at a long distance. Nevertheless, these studies mainly focused on inspection of straight pipes, while the application
to bent pipes, which are also widely used, has not been studied deeply. This study targets the inspection of piping
systems with bends using microwave NDT, and three aspects of works are carried out: 1. Clarify the effect of a
bend on microwave transmission and reflection; 2. Develop a crack-detection method using a TE;; mode
microwave probe for inspection of bent pipes with open-end; 3. Design a dual-port, side-incident microwave probe
for directional inspection of closed piping systems. This thesis is organized as below:

Chapter 1 gives basic introductions to the background, former studies, and objective of this study;

Chapter 2 introduces the research methods, including the theory of microwave in a circular waveguide,
numerical simulation method, experimental equipment, and signal-processing method.

Chapter 3 investigates the effect of a bend on microwave transmission and reflection. The factors affecting the
mode conversion of microwaves due to a bend were studied theoretically and verified by numerical simulation.
Both theoretical and numerical results reveal that the mode conversion at a bend depends on the three factors: the
frequency normalized by the cut-off frequency of an arbitrary mode (f/f¢), the ratio of the curvature radius to the
inner diameter of the pipe (/D) and the bend angle (). Moreover, the polarization of non-axisymmetric mode like
TEi1 mode also influences the mode conversion, while the polarization itself is not affected by the bend.
Experiment was performed to evaluate the effect of a bend microwave reflection, by quantitatively comparing the
reflection signals from pipe wall thinning in a straight pipe with those in a bent pipe. The results show that the
presence of a bend leads to a decrease in the reflection signal behind the bend, and the extent of decrease is also
correlated with the mode conversion at the bend, i.e., 7/D, a and f/f.. Furthermore, the flaw size does not noticeably
influence the decrease in reflection signal when the bend’s dimensions are certain. To two bends with different
inner diameters D but identical or similar /D and a, given the same range of f/f., the effects of them on reflection
are also consistent.

Chapter 4 presents a crack-detection approach using a TE;; mode microwave probe. The linearly-polarized TE;
mode is proved to be sensitive to both axial and circumferential cracks in the light of the analysis on surface current
density. A systematic method was proposed to design a TE;; mode microwave probe (comprising a TEM-TMy,
and a dual-bend TMy;-TE; mode converter) for an arbitrary inner pipe diameter D using theoretical and numerical
analysis. A 3.5 GHz working bandwidth was achieved for D = 23 mm. Experimental verification was conducted

by detecting an axial and a circumferential slit situated at different longitudinal and circumferential positions in a



7 m long stainless-steel pipe. The results show that both axial and circumferential slits were detected at arbitrary
positions in a pipe by jointly analyzing the reflection signals of TE;; mode under horizontal and vertical
polarizations. Subsequently, this method was applied for detecting cracks in a bent pipe. The results show that:
given the impact of TE{; mode’s polarization on mode conversion at the bend, the detectability against axial crack
was still significant, whereas that against circumferential crack could be largely influenced if the bend imposes
too much effect. The problem can be addressed by utilizing the TMo; mode ‘integrated’ in the probe to detect
circumferential cracks. Moreover, the application to long-range detection and multiple inner pipe diameters has
also been validated experimentally, and a detection range up to 15 — 24 m for D = 11, 19, and 39 mm has been
confirmed. Besides, an improved TE;; mode microwave probe design was proposed to achieve wide working
bandwidth and apply to larger pipe diameters. In addition, this method was applied for inspecting bend-region
cracks. The detection capability has been preliminarily confirmed, as both axial and circumferential slits at variant
angular positions of a bend were successfully detected, with positional information specified by the peak locations
of reflections. Finally, additional tests were made to examine the detectability of TE;; mode microwaves towards
pipe wall thinning and non-penetrant slit.

Chapter 5 proposes a dual-port, side-incident microwave probe that realizes directional pipe inspections of
closed piping systems. Two types of side-incident probes (LJ and JL) are proposed to transmit TMo; or TMo, mode
microwaves into the pipe under test, and each type of probe has two ports utilized for inspections of two opposite
directions. Numerical simulations were conducted to study the dimensional parameters affecting the transmission
characteristic of the probe and thus optimize the probe to obtain better mode purity and transmission directivity.
The simulation results also suggest that the optimal probe dimensions for one inner pipe diameter can be applied
to another diameter according to the proportional relationship between the optimal dimensional parameters of the
probe and the pipe diameter. Two LJ-type, side-incident probes with an inner diameter of 19 or 39 mm, were
fabricated based on the simulation results. The experimental verification was subsequently carried out to test the
detection directivity of the probes by detecting the pipe wall thinning situated on both sides of each probe. The
results show that the proposed dual-port, side-incident microwave probes can effectively detect the pipe wall
thinning on either side of each probe using the corresponding port, and thereby realize the directional pipe
inspection. Furthermore, this method shows the prospect of being applied to various inner pipe diameters.

Chapter 6 summarizes the works carried out in this study and proposes some future tasks for further

improvement and practical use of this technique.
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Chapter 1 Introduction

1.1 Pipe failures

Pipeline is an efficient and economical way for substance transportation, while piping systems are
crucial components in a variety of industrial facilities such as chemical plant, refinery, power plant, etc.
During operations, pipes suffer from corrosion, stress, aging, and other degradations, which weaken the
structural strength of pipes. These degradations may lead to pipe failures and eventually result in
economic losses, environmental pollutions, and even casualties. In 2004, a piping rupture and steam
eruption [1] occurred in the third-floor turbine hall of the Mihama No.3 reactor, which was under
operation. The accident caused 5 deaths and 6 injuries, and was regarded as Japan's worst nuclear power
accident before Fukushima nuclear power plant accident. In 2007, another pipe rupture and steam
leakage accident [2] occurred in Onagawa nuclear power plant. An erosion hole was generated due to
the liquid droplet impingement, which facilitates the rate of the pipe wall thinning. Ergo, considerable
attention has been paid to technologies for pipe inspection and maintenance.

Pipe failures in bent pipes also have attracted extensive interest. For instance, Figure 1-1 illustrates
the typical degradations of the U-shaped tubes in steam generators: they are denting, fatigue cracking,
fretting, intergranular attack, stress corrosion cracking, pitting, tube wear, wastage, etc. [3,4] Most of
steam generator tubes which have failed over the years have been mill-annealed Inconel Alloy 600 [5].
Figure 1-2 exhibits the number of the repaired steam generator tubes in America classified by
degradation type from 1973 to 2011, and it is evident that the stress corrosion cracking (acronym ‘SCC’
in the figure) accounts for the major cause of the tube degradation since late 1980’s. Although the Inconel
Alloy 690 and Incoloy Alloy 800, manifesting good resistance to stress corrosion cracking, had been
used to replace Inconel Alloy 600, the stress corrosion cracking may still occur under some
circumstances (e.g., the thermal treatment was not properly performed or under Pb-containing caustic
environment) [7-11]. And there are still a number of in-service steam generator units that are made of
Inconel Alloy 600 [6], the maintenance of them is also necessary. In addition, the bent pipes, especially
bends are subject to the flow-accelerated corrosion [12,13] and liquid droplet impingement [14,15],
which may result in pipe leakage or even rupture. Based on the above discussions, it is imperative to
develop an efficient and reliable method for inspections of bent pipes.
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1.2 Microwaves nondestructive testing (NDT) and pipe inspection

1.2.1 Introduction to microwave NDT

Microwave is one kind of electromagnetic waves with frequency span ranging from 300 MHz to 300
GHz. Microwaves are widely used in the telecommunication realms, e.g., WiFi and 5G technologies. In
terms of the characteristics and usages, the microwave band can be further divided into multiple sub-
bands like X band and K band, as given in Table 1-1.

Table 1-1 Standard radar-frequency letter band nomenclature [16].

Band Designation Nominal Frequency range
HF 3MHz - 30MHz

VHF 30MHz - 300MHz
UHF 300MHz — 1000MHz

L 1000MHz — 2000MHz
S 2000MHz — 4000MHz
C 4000MHz — 8000MHz
X 8000MHz — 12000MHz
K. 12 GHz - 18 GHz

K 18 GHz - 27 GHz

Ka 27 GHz - 40 GHz

\Y% 40 GHz - 75 GHz

W 75 GHz - 110 GHz
mm 110 GHz - 300 GHz

In addition to telecommunications, microwave has also been employed for non-destructive testing &
evaluation [17,18]. For instance, Zoughi et al adopted microwaves to examine the material properties
and status in cement and concrete, such as water-to-cement ratio [19], sand-to-cement ratio [20], cure
state [21], chloride [22], alkali-silica reaction [23], etc. In fact, microwave is an effective tool for
dielectric material characterization [24], such as timber [25], liquid [26], concrete mortar [27], and
composites [28,29]. Sklarczyk et al used microwave imaging to detect concealed weapons [30-33] for
safety inspection. Besides, microwaves can also be utilized for detecting crack and corrosion on metal
surfaces [34-40], especially damages under coatings or corrosions [41,42]. Synthetic aperture radar
(SAR) [43-47] technology is also applied to process the scanned reflection signals and to generate 3-D
imaging or tomography. Also, some advanced probe structures [48-57] were proposed to improve the
detection performance.

Recently, microwave NDT becomes very popular in composite material evaluation [58-61] and
medical diagnosis. Li and Moll used open-end waveguide and horn-antenna system, respectively, to
detect thickness variation [62], delamination [63] and other damages [64] in the wind turbine blade,
which is made from glass fiber reinforced polymer (GFRP); Tian carried out experimental studies on
the detection of impact damage [65] and holes [66] on carbon fiber reinforced polymers (CFRP) plates
and pipes; Zoughi targeted the application of microwave NDT to carbon composites [67,68] such as
carbon nanotubes. Regarding the medical usage, Udpa employed deformable reflector and time reversal
method for breast imaging [69] and tumor detection [70]; Zoughi used Ka-band microwaves for
assessing skin-burn injury [71] and evaluating the dielectric properties of skin [72]; Lin and Kim also
applied microwaves and semi-conductor technology to detect human vital signs [73-75] like heartbeat
and respiration. Furthermore, the latest studies also manifest that microwave NDT has a promising
prospect in counterfeit leather [76] and integrated circuit identification [77], and food examination [78].



1.2.2 Conventional NDT methods for pipe inspection

In fact, many NDT methods have been developed and adopted for pipe inspection, including eddy
current testing [79,80], ultrasonic testing [81,82], magnetic flux leakage [83,84], metal magnetic
memory [85,86], and so on. However, these methods have some limitations when employed for rapid
and long-range pipe inspection. For example, eddy current testing and ultrasonic testing are of high
detection precision, but meanwhile they may also require surface preparations and probe scans, which
lower the efficiency and restrict their use; magnetic flux leakage method employs a pipe inspection
gauge moving inside the pipe like a piston, which is susceptible to pipe deformation and can be easily
stuck inside the pipe. And this technology is usually utilized in very long-range oil/gas transportation
(tens or hundreds of kilometers), and the pipe diameter is usually relatively big. On the other hand, the
metal magnetic memory method does not require the magnetization device, but akin to the magnetic
flux leakage method, it is only applicable to ferromagnetic materials.

In addition to the above mentioned NDT methods, the ultrasound guided-wave method [87,88] is also
a method that can achieve long-range and high-speed pipe inspection. The ultrasound guided waves are
excited from the pipe sidewall and propagated inside the pipe wall with some patterns, also known as
modes [89]. There are torsional, longitudinal, and flexural modes, such as T(0,1), L(0,2), F (1, 2), and F
(1, 3) modes, and they have been used for crack detection [90-92]. It should be noted that the ultrasound
guided waves are equally susceptible to flaws on both internal and external surfaces of the pipe, while
the internal and external mediums (e.g., sand and filled-fluid like water, respectively) influence the
transmission of the guided waves [93,94]. Besides, mode conversion [95-98] occurs when ultrasound
guided waves propagate in a bent pipe, and some high-order modes can be generated. Recently, a non-
contact ultrasound guided-wave generation method was proposed by using electromagnetic acoustic
transducer (EMAT) [99-101]. This technique does not require couplant or physical contact, and increases
the inspection efficiency significantly. However, the propagation of ultrasound guide waves is sensitive
to pipe joints or fittings, so the wave transmission can be interrupted by them and the detection range
could be restricted.

1.2.3 Microwave NDT for pipe inspection

To realize a long-range, high speed, and non-destructive pipe inspection, an NDT method using
microwaves has been proposed [102-104]. The principle is elucidated as follows: microwaves of specific
mode(s) are emitted into a metallic pipe and propagated as guided waves at the speed close to the light
speed. Since the energy of microwaves is basically confined within the pipe, the decay is very small and
a long-range transmission can be achieved. Provided that there is a flaw located on the inner surface of
the pipe, the transmission of microwaves will be perturbed, meanwhile a reflection will occur. Ergo, by
measuring the reflection and analyzing the time-domain signal, we are able to detect and locate the flaw.
The principle of microwave NDT for pipe inspection is illustrated in Fig. 1-3.

Connected _~ Microwave probe (mode converter) Metal pipe Flaw
to network .

analyzer

Semi-rigid
cable

Fig. 1-3 Schematics of microwave NDT for pipe inspection.



The earlier studies have confirmed that this method works effectively in detecting pipe wall thinning
[105,106], cracks [107,108], and corrosion under insulator [109]. Meanwhile, a detection range up to
26.5 m [110] has also been demonstrated. Furthermore, a side-incident probe [111] was developed to
directionally transmit TM mode microwaves from sidewall into the pipe under test, implementing
directional two-way pipe inspections.

Table 1-2 compares microwave NDT with other conventional NDT methods from the viewpoint of
rapid and long-range pipe inspection. Among these methods, the ultrasound guided waves and
microwave NDT manifest a promising prospect for rapid and long-range pipe inspection. Nonetheless,
there are some also differences between them in excitations, usages, and other aspects. As for the
ultrasound guided waves, since the guided waves are usually excited from the outer wall of the pipe, it
can be used for the structural health monitoring of some crucial parts of the piping systems that has few
pipe joints (e.g., seamless pipe) and accessible outer surface. On the other hand, microwave NDT
focused on the inspection of the inner surface of pipe. Ergo, it is suitable for periodical maintenance or
inspection of some piping systems whose sidewall is not easily accessible (e.g., immersed by water,
covered by sand, or steam generator tube bunches fixed by tube sheet) but pipe-end is accessible. The
pipe joint reflects the transmitted microwaves but does not cause noticeable signal decay. The mode
conversion of microwaves also occurs at bend, and the details will be given in the latter sections. Just to
be precise, the ultrasound guided waves can be excited from the pipe-end and inside of the pipe with a
small diameter [100], while there is also a side-incident method [111] for microwave NDT to inspect
pipes from the pipe’s sidewall.

Table 1-2 Comparison of different NDT methods in light of detection speed and range.

Detection | Detection
NDT method Features
speed range

) High precision, quantitative evaluation of flaw
Eddy current testing Low Small .. .
characteristic, probe scan, local detection
High precision, quantitative evaluation of flaw
Ultrasonic testing Low Small characteristic probe scan and couplant, local
detection
Extremely long detection range, suitable for
Magnetic flux leakage Low Very large oil/gas pipeline inspection, only applicable to
ferromagnetic materials, easily stuck in pipe
No need for strong magnetization, pipe
metal magnetic memory Low Small buckling detection, only applicable to
ferromagnetic materials.
Sensitive to flaws on both internal/external
Ultrasound guided waves  Fast Large surfaces of pipe, wave propagation perturbed
by pipe joints and inner and outer mediums.
Sensitive to flaws inside pipes, filled fluid

Microwave NDT Fast Large ) .
attenuates microwave wave transmission.

1.2.4 Bent pipe inspection using microwave NDT

Most previous studies focused on the inspections of straight pipes, while only few studies [112-114]
were carried out for bent pipes, which are also widely used in various piping systems, such as steam



generators, heat exchangers, etc. Besides, as previously narrated, some pipe degradations tend to occur
at the bend region such as flow-accelerated corrosion and liquid droplet impingement. In one former
study [113], the detectability of this method against pipe wall thinning in bent pipes has been confirmed,
while and the experimental setup and results are shown in Fig. 1-4. As we can see, compared with
reflections ahead of the bend (e.g, point A), the reflections from pipe wall thinning behind the bend (e.g.,
point D) are smaller and dispersed. This is because the single-mode propagation was disrupted by the
bend, while multiple modes were generated on account for the mode conversion at the bend. Ergo, when
applying the current microwave NDT to bent pipe inspection, what effect a bend will have should be
considered as well. This preliminary study only computed the mode conversion at several bends through
numerical simulation, and only two bends were tested in the experiment. It did not offer a deep
discussion on how microwave propagation is affected by the bend. Hence, it is worthwhile devoting
much effort to insightfully investigate the practical influence of an arbitrary bend on microwave
transmission and reflection by using a more efficient and general method. Furthermore, the detection
object in that study was full-circumferential pipe wall thinning, which was dimensionally large and easy
to detect. On the other hand, cracks are more difficult to detect owing to their relatively smaller size and
complicated profile. The previous work also substantiated that the orientations of cracks significantly
influence the detection sensitivity of the microwave NDT, and the sensitivity is also correlated with the
microwave mode transmitted inside the pipe [115]. Therefore, crack detection in a bent pipe especially
at the bent region ought to be further studied. Moreover, the earlier study was meant for inspecting bent
pipes with open-end for probe insertion. However, there are also some closed piping systems which has
no open-end for probe insertion. Moreover, there may be some orifices inside the pipes which perturbs
the microwave transmission. Therefore, a side-incident method needs to be adopted, e.g., for periodic
inspection or structural health monitoring of some crucial components in the pipe, like the bend suffering
from flow-accelerated corrosion or liquid droplet impingement. However, the side-incident probe
proposed in the previous study [111] was not adequately optimized and only applicable to a 19 mm inner
pipe diameter. Therefore, many problems should be tackled for the side-incident method, such as: the
dimensions of the probe need further optimization to improve the probe’s transmission characteristic;
the applicability of the probe to other inner pipe diameters should also be resolved, etc. Anyway,

additional endeavors should be made for the application to the inspection of closed piping system with
bends.
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Fig. 1-4 Detection of pipe wall thinning in a bent pipe using TMo; mode microwaves [87], (a)
experimental setup, (b) reflection signals.



1.3 Objective

This study is dedicated to the improvement of microwave NDT technology for inspection of piping
systems with bends, to facilitate the use of this method for practical pipe inspection. Concretely, the
following tasks shall be carried out:

(1) investigate the effect of a bend on microwave transmission and reflection;

(2) develop a crack detection method for inspection of bent pipe with open-end, including straight
portion behind bend and bend-region;

(3) improve the design of the side-incident microwave probe, realizing directional inspection in closed
piping systems and applicability to different inner pipe diameters.

As shown in Fig. 1-5, wherein the task (1) aims to clarify and quantitatively evaluate microwave’s
behavior when propagating in a bent pipe; while based on the task (1), the tasks (2) and (3) were
performed for the inspections of bent pipes with open-end and closed piping systems, respectively.

The rest of thesis is organized as follows: Chapter 2 presents the theoretical background and the
technical approaches, including the microwave transmission inside a circular waveguide, Fourier
transform/inverse Fourier transform, dispersion compensation, numerical simulation, and experimental
instrument & specimens; Chapters 3 to 5 correspond to the aforementioned three major tasks (1)-(3);
Chapter 6 summarizes the whole thesis and discusses future works.

=

Transmission

Mode conversion
at a bend ~

(1) Investigate the effect of a bend on
microwave transmission and reflection

Incident
| microwave

(2) Crack detection in open-ended bent pipe (3) Design side-incident microwave probe for
directional inspection of closed piping systems

» Cracks behind the bend

« Cracks at the bend-region

)

Fig. 1-5 Illustration of the three major tasks carried out in this thesis.
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Chapter 2 Research Methodologies

2.1 Theory of microwaves in circular waveguide

2.1.1 Electromagnetic wave basics [116,117]

The electromagnetic waves in space are generally described by the time-varying Maxwell equations
(differential form):

VxE:—a—B, (2.1
Ot

VxH:J+a—D, (2.2)
ot

V-D=p, (2.3)

V-B=0, 2.4)

wherein E and H are electric field and magnetic field intensities, respectively. The quantities B and D
denote the magnetic and electric flux densities, and they are also called magnetic induction and electric
displacement, respectively. The symbol p refers to volume charge density, while J refers to the electric
current density. These quantities are bound by the following relations

D=c¢E=¢:¢E, (2.5)
B=uH =y, H , (2.6)
J=0cE, (2.7)

in which ¢ is permittivity,  is permeability, and ¢ is conductivity. The symbols &y and o are permittivity
and permeability in a vacuum, respectively. Also, & and y, are relative permittivity and relative
permeability, respectively. Equations (2.5) — (2.7) are called constitutive relations. With these quantities,
we can also determine the speed of light and intrinsic impedance in a specific material as

c= \/ﬂ? , (2.8)

n= \/Z . (2.9)
&

Now we consider the microwave propagation in a metal pipe. As illustrated in Fig. 2-1, the direction

of microwave propagation is set to Z-direction, which is also the axis of the metal pipe. So the electric
field and magnetic field can be written as the following form

E=E (x,y)exp(jot —yz), (2.10)

H =H (x,y)exp(jot—yz), (2.11)



y=a+]jp, (2.12)

where Er and Hr stand for the transverse electric and magnetic field, the symbol j is the complex unit,
and w is the angular frequency given by w=2xnf (f denotes the frequency). The notation y is the
propagation constant, composed of the phase constant £ and the attenuation constant a. The microwave
power per unit area flowing the past point z in the forward Z-direction is calculated as

P(z) = P(0)e™*, (2.13)

the term P(0) refers to the power per unit area at the point z = 0.

Metal pipe

Zz

Fig. 2-1 Microwave propagation in a metal pipe with inner radius a.

Say we have a source-free, linear, isotropic, homogeneous region, so Egs. (2.1) and (2.2) are

VxE=—-jouH | (2.14)

VxH =jowcE (2.15)

where there are two unknown variables and two equations. If we compute the curl on both sides of Eq.
(2.14) as

VxVxE=-jouVxH = o’ ucE, (2.16)
and further obtain the equation for only E,
V’E+K’E =0, (2.17)
wherein
k = w4\ ue . (2.18)
Similarly, the equation for magnetic field can also be deduced in the same way:
VH+k’H =0. (2.19)

Equation (2.17) or (2.19) is also known as Helmholtz equation, and parameter £ is the wavenumber.

Now let us consider about the microwave energy. Also, consider a source-free field, the direction of
microwave energy flux is also the propagation direction as ExH, and a quantity has been proposed to
depict microwave’s energy flux



S=ExH", (2.20)

which is known as Poynting vector. If we compute the divergence of .§ and integrate it over a volume V,
the result is

va-(ExH )dv:NEdes

=—0.[V|E|2dv+jij(8*|E|2 +u | H [*)dv , (221
_ ) _Q ' 2 " 2 _Q ' 2_; 2

— o | E fdv 2jV(g|E|+y!H|)dv J2_[V(#|H| | E [ )y

wherein ¢ =¢’+ je”, u = u’+ ju ”.The left side of the above equation represents the power flow out of
the closed surface §, while the first and second terms at the right side of the equation are the power
dissipation in the volume V due to conductivity, dielectric, and magnetic losses, respectively.

Moreover, say the microwave is vertically incident onto a good but not a perfect conductor, the
propagation constant is thus written as

. . , o . |ouoc
y=a+jf~jofue jE:(I+J) % (2.22)

And here, the skin depth, referring to the depth of penetration into the conductor, is defined as

5=l:\/ 2 =J L (2.23)
a 0)1les 7 f uoc

For the good conductor (e.g. silver or gold), the skin depth J could be very small at microwave frequency

band, which is necessary for low-loss transmission.

2.1.2 Microwave guided wave

Provided that there is source-free and time-harmonic field in the waveguide, while the microwave
transmission is along Z-direction in Fig. 2.1. The electric and magnetic fields can then be written as

E(x,y,z)=[e(x,y)+ze.(x,y)]e ", (2.24)

H(x,y,z)=[h(x,y)+zh (x,y)]e’", (2.25)

wherein e(x,y) and A(x,y) denote the transverse components electric field and magnetic field, while e,
and 4, refer to the longitudinal components of the electric and magnetic field. Since we now consider
the microwave transmission without any conductor and dielectric losses, the propagation constant y =
jB- Now we assume the field is source-free, so the electric field and magnetic field can be calculated
from Egs. (2.14) and (2.15), while their three components in each direction (x, y, and z) are expressed

as
oE, . .
L+ JPE, =—jouH,, (2.26a)
oy
JPE -t ot (2.26b)
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> —a—y"z—jawHZ, (2.26¢)
oH )
6yz y = Josky, (2.26d)
o, _ jweE, , (2.26¢)
X
OoH, OH )
axY —a—yx =jweE, . (2.26f)

The above six equations can be further deduced for the four transverse components (Ex, Ey, Hx and Hy)
with respect to the two longitudinal components (Ez and H7), and reduced to four equations:

i OF H
—%(ﬂ az o 8;), (2.27a)
j O, oH,
== (-f—=+
kcz( B > OH— ), (2.27b)
OF OH
HXZk—JZ( az—ﬂ az), (2.27¢)

_% a)gaEz+,BaHZ
k, ox Oy

), (2.27d)

wherein
k:=k-p. (2.28)
The parameter k. is defined as the cut-off wavenumber, while f and k are the phase constant and

wavenumber, respectively. To enable the propagation of microwave, the following condition must be
fulfilled:

k>k,. (2.29)
Similarly, we have the following relations for the frequency and wavelength:
k,
f>f= (2.30)
e’
2
Asi ==

c 2.31
A f@ 0

where f. and A. are the cut-off frequency and cut-off wavelength, respectively. If k£ < k., § will become
an imaginary number, so the propagation constant becomes a real number. In this case, the microwave
will decay to zero immediately and exhibits a shut-down effect.

As discussed above, the transverse components of electric field and magnetic field can be expressed
with the longitudinal components E7 and Hz. Therefore, in terms of different £7 and Hz, variant types
of guided waves can be generated as given below.
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(1) If Ez =0 and Hz = 0, the transverse components will also be zero, so this kind of guided waves is
called transverse electromagnetic (TEM) mode waves. The phase constant is calculated from Egs. (2.26a)
and (2.26¢)

P=o\ pue=k . (2.32)

It is obvious that the cut-off wavenumber £ is zero. The wave impedance is

E, owu /,u
TEM H, ; - n ( )

TEM mode guided waves usually exist within two or more conductors, e.g. the parallel plate waveguide,
coaxial line, etc. In contrast, the closed conductor such as rectangular waveguide and circular waveguide,
cannot support the TEM mode guided waves.

(2) If Hz =0, and Ez # 0, this type of guided waves is referred to transverse magnetic (TM) mode, whose
transverse field is given by

JB OF,
E,=—"1 "2
T o (2.34a)
__IBOE,
T (2.34b)
_ jwe OF,
T (2.34¢)
=102 % 2.34d
Yk o (234d)

In this case, the cut-off wavenumber £ is not zero and usually dependent on the propagation mode and
the dimensions/geometry of the waveguide. Meanwhile, the longitudinal electric field should be
determined firstly, which can be solved with the Helmholtz equation

82 2 2
2
@4—6);_2—'—&4_[{ )EZ =O. (235)
Since k* = k* — %, the preceding equation is simplified to
2 2

In addition, the wave impedance of TM mode is solved as

E, -E, B _pn
™ H, H, ws k -37)

(3) If Ez =0, and Hz # 0, this type of guided waves is defined as transverse electric (TE) mode, whose
transverse components are solved as below

12



_ja),u OH,

E, = et (2.38a)
jou 0H.
L= =R axz , (2.38b)
P oH
Hy :_Fa_xz’ (2.38¢)
P oH
H, :_Fﬁ_yz' (2.384d)
Similar to TM mode, the longitudinal component of magnetic field Hz is solved as
2 2 2
(674'?4'?4']62)]{2:0, (239)
and further simplified to
2 2
And the wave impedance of TE mode is
E, -E, wu k
e S (2.41)

TE — - - .
HY HX ﬁ ﬁ
It should be noted that the TM mode and TE mode are able to propagate inside either a closed
conductor or multiple conductors.

2.1.3 Velocity and wavelength of guided waves

When the guided waves travel along the positive Z-direction, the velocity of the wave propagation is
firstly defined as the phase velocity in that it is the velocity of a point with fixed phase (w? — kz) on the
wave travels, and it is given by

1
= E . (2.42)

In a free-space and lossless media (e.g., vacuum), it is easy to get v, = 2.998 x 10® m/s, which is

Vp=

d
dr

=8

obviously the speed of light. Correspondingly, the wavelength of guided waves, which is defined as the
interval between two adjacent peaks/valleys of a periodic signal, is expressed as
27 27rvp %

=" - —_P
et (2.43)

When the phase velocity in a waveguide does not change with frequency, the phase of signal that
contains multiple frequencies will not distort. If the signal is wideband containing multiple frequencies,
meanwhile the phase velocity for different frequencies are different, the original phase relationship
cannot be maintained and the signal distortion occurs. This phenomenon is called dispersion. In this
sense, the phase velocity is calculated as

13



o 2nf c
v (2.44)

Pdr B \/kz i \/1 (f21 £

where ¢ refers to the light speed in a vacuum.

If the bandwidth of the signal is not very large and the dispersion is not very severe, another parameter
called group velocity can be defined to depict the velocity of microwave signal propagation, its

V, (w dﬁ '—ﬂ e ,/ (2.45)

In fact, the group velocity describes the velocity of a time-dependent envelope which modulates the

expression is given below

magnitude of the original waveform, and it is apparent to see that v, < ¢ < v,. Similarly, we can also
define the group wavelength as

P _27[_ A Y%
Y N e (2.46)

which is larger than the wavelength in the free-space.

2.1.4 Circular waveguide

Microwaves can also propagate inside a hollow metal pipe, which serves as a circular waveguide and
supports TM and TE modes. Figure 2-2 shows an illustration of the interior of a circular waveguide,
with an inner radius of a. To simplify analysis and computation, cylindrical coordinates are used here.
Equations (2.27a) to (2.27d) are thus rewritten as

—j OE, wudH
Zk—f(ﬂa—z+7ﬂ a¢z), (2.47a)
_—J P OE, _ z
=R ), (2.47b)
_J ,we0E, 0H,
. kj(,o_a p 'B_ap)’ (2.47¢)
—-j OE, BoH
Hy= (e Lz LAz (2.47d)

TR op T p og
where k” =k’ +y* =k’ — 3*, as the boundary is assumed to be perfectly conductive. The propagation

is along the positive Z-direction (e_jﬁ ° ). The Z-direction electric field £z and magnetic field Hz are

respectively expressed as below

Ez(p,¢’z) :ez(p,¢)'eijﬂz > (2.48)

H,(p,$,2) = h,(p,¢)-e". (2.49)

and they can be calculated from the Helmholtz equations
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V’E,+kE, =0, (2.50)

V’H, +k’H,=0. (2.51)

Z

Fig. 2-2 Circular waveguide and cylindrical coordinate system.

Taking E7 as an example, Eq. (2.50) can be written in cylindrical coordinate:
o 10 1 0

ottt
op~ pop p Of

If we employ the method of separation of variables and let

e, =R(p)-P(9), (2.53)

+k2)e,(p.9)=0. (2.52)

we get the updated Eq. (2.52) as
2 12 2
pd 1§+£%+ ’k? _-ld ]23
R dp® Rdp P d¢

(2.54)

It is apparent the left side of Eq. (2.54) only depends on p, while the right only depends on ¢ . Ergo,
the two sides should be equal to one constant, which is set to m?* hereafter. Note m is an integer as ez

must be periodic in @ . Then Eq. (2.54) is divided into two equations

2
d—123+m2P =0 (2.55)
d¢
and
2
p2d§+p%+(p2kf—m2)R:0. (2.56)
dp dp

Equation (2.55) is a homogeneous differential equation, and its general solution is
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P(p) = Asinmg+ Bsinmg , (2.57)

where A and B are constants. On the other hand, Eq. (2.56) is recognized as Bessel’s differential equation,
and the solution is

R(p)=CJ, (kp)+DY, (kp), (2.58)

where J, and Y, are the m-order first-kind and second-kind Bessel functions, respectively. Coefficients
Cand D are constants. Since the value of Yi(kep) becomes infinite at p = 0, which is physically irrational.
Therefore, the coefficient D is set to 0 to make D¥Ym(kp) = 0. Consequently, the expression of ez is as
below

e,(p,9)=(Asinmg+ Bcosmep)J, (k.p), (2.59)

where the constant C is merged into 4 and B. Similarly, we can also derive the expression of /7 from
Eq. (2.51) as

h,(p,9) =(Asinmg+ Bcosmp)J, (k. p). (2.60)

2.1.4.1 Circular TM modes

For circular TM modes, the longitudinal magnetic field Hz = 0, while the longitudinal electric field
Ez # 0. Each components of the electric and magnetic fields are given below:

E, = —_,jzﬂ (Asinmg + Beosm)J, (ke (2.61a)
—1] m . —ipz
E, = Ji (Acosmg—Bsinmg)J,, (k.p)e " (2:61b)
E, = (Asinmg+ Bcosmg)J, (k.p)e ’* (2.61¢)
—jowem . —ipz
H, = sz (Acosmg— Bsinmg)J, (k. p)e " (2.61d)
H, =32 (sinmp-+ Beosmp)J, (k. pe "
'8 sinm cosm@)J, (k. p)e " (2.61¢)
H,=0. 2.611)
The boundary condition for TM modes is
E,(p,9)1,-.=0. (2.62)

To fulfill the above condition, the term J,, (kep) in Eq. (2.61c) must be 0, namely

J, (ka)=0. (2.63)
Here we define p,., as the n-th root of m-order Bessel function Jn, so the cut-off wavenumber is
k,, =2 (2.64)
a
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Table 2-1 summarizes the values of p,., wherein m > 0 and n > 1. The phase constant of TM,,» mode is

B. =k —k = /k2 _(%)2 , (2.65)

while the cut-off frequency can be calculated as

k. Dy
Jom = = : (2.66)
2rN\en  2masEu
In addition, the wave impedance of TMo; mode is
7 =Zo L _ B 0B e
H, H, eo k
where n=/u/¢.
Table 2-1 Values of p,., for circular TM modes.
m\n 1 2 3 4 5
0 2.40482556 5.5200781 8.6537279 11.791534 14.930918
1 3.83170597 7.0155867 10.173468 13.323692 16.47063
2 5.1356223 8.4172441 11.619841 14.795952 17.959819
3 6.3801619 9.7610231 13.015201 16.223466 19.409415

2.1.4.2 Circular TE modes

To circular TE modes, the longitudinal electric field £z = 0, while the longitudinal magnetic field is
Hz is given by

H, = (Asin m¢+ Bcosmg)J, (k,p)e ’* . (2.68)

Other components of £ or H are derived as below

E, = _jk ?ﬁ m (Acosmgp— Bsinmg)J (k. p)e , (2.69a)
E,= % (Asinmg+ Bcosmg)J, (k. p)e " (2.69b)
H, = % (Asinmg+ Bcosmg)J, (k. p)e " . (2.69¢)

H,= _Jzﬂ (Acosm¢p— Bsinmg)J, (k.p)e " . (2.694)

C

The boundary condition for TE mode is
E,(p,9)|,-.=0. (2.70)

Hence, the term J',, (kep) in Eq. (2.69b) needs to be set to 0 as
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J (ka)=0. 2.71)

Similar to TM mode, we define a parameter p ., as the n-th root of the derivative of m-order Bessel
function J ', determining the cut-off wavenumber

k=P (2.72)

cmn
a

The values of p’», are summarized in Table 2-2. The phase constant and cut-off frequency are thus
deduced as below:

B =k =k = [k —(Emy (2.73)
a

k p'
Jom=s == 2.74
2z \Jen  2rmanlEu (274)
The wave impedance of TE mode is
_Ep __E¢ _ B _7713
Iiy=—r=——="—="-, (2.75)
H, H, ¢eo k
where n:,/lu/g .
Table 2-2 Values of p ', for circular TE modes.
m\n 1 2 3 4 5
0 3.83170597 7.01558667 10.17346814 13.32369194 16.47063005
1 1.841183781 5.331442774 8.536316366 11.7060049 14.86358863
2 3.054236928 6.706133194 9.969467823 13.17037086 16.34752232
3 4.201188941 8.015236598 11.34592431 14.58584829 17.78874787

2.1.5 Microwave loss

In Section 2.1.4, we discussed the microwave propagation in a perfect conductor, in other words, no
dissipation or energy loss. So the propagation constant y = jf#. But in reality, since the material of
waveguide is imperfectly conductive, and the media inside the waveguide is not vacuum, the power
losses inevitably occur. Especially for long-distance transmission, the attenuation is not negligible and
needs to be taken into account. Therefore, the real part of propagation constant, i.e. the attenuation
constant a, should be evaluated.

Usually, the attenuation in a waveguide results from two types of losses, the conductor loss and
dielectric loss. The total attenuation is the summation of these two losses as

a= ac + ad s (276)

where a is the total attenuation constant, while a. and a4 are the attenuation constants due to the
conductor loss and dielectric loss, respectively.

For circular waveguide, the dielectric constant for TM and TE modes is identical. The derivation is
given as follows. Firstly, the complex permittivity ¢ is expressed as below

e=¢—je-tanod =g,6,(1-jtand), (2.77)
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where tand is the loss tangent of the material. The propagation constant is thus given by
y = k2 —k* = Jk? - @’ ue(1 - jtan &)

=\/—ﬁ2 +jo’ustan & 2.78)
k*tans .
“op

wherein the approximation was made in terms of Taylor expansion. From the above equation, we can

see there is no change in the phase constant 5, while the attenuation constant due to dielectric loss aq for

TM or TE mode is given by
k* tan S
¢ =——— Np/m, (2.79)
24
Moreover, Eq. (2.79) can also be applied to TEM mode by replacing § with & as
ktano
a, = zn Np/m. (2.80)

In regard to the conductor loss, the expressions of the attenuation constants due to conductor loss for
circular TM and TE modes are different and should be evaluated respectively. The results are presented
directly here as Eqgs. (2.81) and (2.82), while the detailed deductions can be found in [118],
for TM,,» mode:

2
o - aRsosk; _ kR

. ﬂpz Bna Np/m, (2.81)
for TE,,, mode:
272
a, = ﬂk&[kc2 + (,m)%] Np/m, (2.82)
na p mn —m

where Rs is the surface resistance of the conductor

R, = /;’_/“‘ —n /;’_‘9 - 5L (4 is skin depth). (2.83)
o O O

2.2 Numerical simulation for microwave NDT

Two/three-dimensional numerical simulations are adopted for analysis. A commercial software
COMSOL Multiphysics in conjunction with its RF module [119] is employed for computation, and finite
element method is used for field solution. The governing equation is given below

Vxu (VxE)=ki[g, - jo/(we,)]E =0, (2.84)
where k, = w.\[e,u, denotes the propagation constant in a vacuum, determined by the angular

frequency w as well as the permittivity &) and permeability o in a vacuum. The values of & and wo are
8.854x107"? F/m and 4mx10~7 H/m, respectively. The electric field E is solved in three-dimension, and
o denotes the conductivity. The parameters & and g in denote the relative permittivity and relative
permeability, respectively. In the calculation, the values for &, 4 and o are assigned to 1, 1, and O for the
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media air. The boundary condition of the inner pipe surface is defined as perfect electric conductor,
which is characterized by
nxE =0, (2.85)
where n is the outward normal vector on the inner surface of waveguide.
Say the microwaves propagate along the Z-direction, so the waves of electric field transmitted to the
negative Z-direction is written as

E=E_ (r,p)exp(jot+jfz). (2.86)

Since no microwave is transmitted to the positive Z-direction, the absorption condition is
—— 0. (2.87)

If there exist microwaves transmitted to the positive Z-direction Ej as
E = E.(r,¢)exp(jot+jfz) + Eqp (r, @) exp(jot — jB2) , (2.88)
so the absorption condition at the boundary is given by

10E_10E_ 20, 050
B oz w ot ® ot '
The scattering parameter (S-parameter) [120] is used to evaluate the transmission and reflection
characteristics of microwaves. Figure 2-3 exhibits a two-port (1 and 2) network, in which ai/a; refers to
the wave incident to port 1/2, while b1/b, represents the wave reflected from port 1/2. The coefficient
matrix § between ports 1 and 2 is a mathematical construct quantifying the energy propagation between
two ports, the correlation between ai, a2, b1, b, and S is characterized by

(bljz('gl] SIZJX(CZIJ (290)
b2 S21 S22 a2 ,

where Si1, Si2, S21, and S» are defined as S-parameters, and their summation suffices for the following
equation

|S11|2+|S12 |2+|S21 |2+|S22 |2:1- (2.91)

In numerical simulations, the electric field intensity at the incident port (say, port 1) and transmission
port (say, port 2) are used to calculate S-parameters as [119]

j [(E.-E)-E; las

__ portl
Sll -

2.92
[ (E-EDds 222

portl
[ (E.-E)as
:ponZ
Y[ (EEDas”

portl

(2.93)

wherein E. represents the measured electric field intensity, while E1 and E> denote the electric field

intensity of a specific microwave mode. S12 and S» can be calculated in the same way. And to an N-port
network, the summation of all |S;|* is computed to be 1 (i, j refers to the port number).
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Fig. 2-3 Two-port network.

2.3 Experimental apparatus

2.3.1 Microwave generation

In this study, a vector network analyzer (Agilent Technologies, E8363B) is employed for exciting
coaxial TEM mode microwaves and measuring the transmission/reflection characteristics in a frequency
domain. The network analyzer is characterized by a working frequency range from 10 MHz to 40 GHz
with a dynamic range of 110dB, 32 channels, and 16001 points at maximum. The network analyzer has
two ports, enabling us to measure two-port S-parameters. A ‘transform’ function is available to transform
the measured frequency-domain signal into a time domain, while a built-in ‘average’ function can
automatically measure the signals for a certain number of times and then calculate the average values of
multiple measurements. In this study, the average operation is set to 30 times.

=]
=3
~
=
i~
1=
—

Fig. 2-4 Network analyzer.

2.3.2 Flexible cable

A flexible cable (Junkosha, MWXO051, made by) is used to transmit the TEM mode microwaves
generated by the vector network analyzer. It should be noted that: prior to the measurement, the vector
network analyzer together with the flexible cable needs to be calibrated to compensate for the cable
characteristic and channel delay, by using a calibration toolkit (Keysight Technologies, 85056D) and the
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SOLT method [121].

Fig. 2-5 Flexible cable.

2.3.3 Semi-rigid cable and connector

A semi-rigid cable (Anritsu Corporation, K118) is also used for microwave transmission, and a K
connector (Anritsu Corporation, K101F-R) from the same manufacturer is adopted to connect the
flexible to the semi-rigid cable. The K connector and the semi-rigid cable are often used to make mode
converters in conjunction with a conductive epoxy (Chemtronics, CW2400 or MG Chemicals, 8331),

(0)

which glues them together or to other objects.

Fig. 2-6 (a) Semi-rigid cable (left) and (b) K connector (right).
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2.4 Signal-processing method

2.4.1 Fourier and inverse Fourier transform

In this study, the experimentally measured S-parameters are in the frequency domain, while the
analysis is mainly made in the time-domain for detecting and locating the flaw. The Fourier and inverse
Fourier transform are used and given by

F(o)=[" f@t)e™dt, (2.94)

1 +oo —jot
fO=o—[ F@e"do, (2.95)

where w = 2zfis the angular frequency. The above two equations apply to the transform of continuous
signals, while the practical measurement was made at equidistant frequencies over a wide range. Ergo,
the discrete Fourier transform and inverse discrete Fourier transform should be utilized as

N-1
X[k]=) x[n]e M) (2.96)
n=0
1 S j(27znk/ N
x[n] =NZX[k]eJ( kN (2.97)
k=0

where N is the sequence length (number of points).

Here we set N as the sampling rate in the frequency-domain, and define fs as the sweeping frequency
span, Af as the frequency-domain resolution, 7z as the time range, At as the time-domain resolution, and
it is obvious that

fs=N-A, (2.98)

ty =N-At, (2.99)

where the number of points N in the frequency domain is consistent with that in the time domain.
According to the characteristic of Fourier and inverse Fourier transform, the time domain resolution is
inversely proportional to the frequency span:

1 1

At=—=—
fs N-A

Equation (2.100) indicates that a higher time-domain resolution A¢ can be achieved with a wider

(2.100)

sweeping frequency span fs. Meanwhile, the time range ¢ can be further expressed as

1
t, =N At_Af’ (2.101)
manifesting that time range #r is inversely proportional to the frequency-domain resolution Af. Hence,
the sampling rate in the frequency domain should be carefully selected to achieve the balance between
At and tg, in other words, detection resolution and range.
Besides, a window function is also used to suppress the sidelobe and maximize the energy in the main
lobe. The expression of the window function is given by
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where [ is the zeroth-order modified Bessel function of the first kind, N is the window length, and f is
the shape factor. In this study, the value of £ is set to 6 as an empirical value.

WKaiser (n) = 2 ’

2.4.2 Dispersion compensation

As discussed in Section 2.1.3, when wideband waves propagate and the phase velocity for different
frequencies are also different, so the signal distortion, i.e., dispersion, inevitably occurs. A signal-
processing method [122,123] was thereby developed to compensate for the dispersion of microwaves
during propagation. The details of the method are elucidated as follows. The dispersion of microwaves
is compensated by shifting the phase from a certain propagation distance Lc to obtain a pulse, as given
by the equation below:

1 1
¢(f)—2LC~[Z—z]-27r, (2.103)

where ¢ denotes the shifted phase, f'is the frequency, 4 and Jp refer to the wavelengths in free space and
in a pipe, respectively. The coefficient 2 accounts for the roundtrip of microwave propagation. Taking
TMo: mode as an instance, the parameter Ap is given by

1
S P (2.104)
\/(c) (ED)

where c is the speed of light in a vacuum, D is the inner pipe diameter, and po; is the first root of the

Ap =

Bessel function of the first kind Jo. This process was conducted for a series of Lc. The position of the
flaw was predicted by calculating the time-of-flight of the reflection without dispersion and obtaining
the peak values for the distance range of the pipe length. A flow chart summarizing the signal-processing
method is shown in Fig. 2-7.

| Frequency-domain signal F|

| Set range of propagation distance Lg =0 : Lyax |
¢
Iy

‘ Calculate phase change ¢ at distance Lg ‘

k4

‘ Shift phase to the frequency-domain signal — F’

Calculate inverse fast Fourier transform of F’ with window function
— time-domain signal T

Y

‘ Pick up peak value of T— P (L)

Select next L value

| save (Lc, P (Lo)) |

Fig. 2-7 Flow chart of the signal-processing method.
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Chapter 3 The effect of a bend on microwave

transmission and reflection

In this chapter, how a bend influences the transmission and reflection of microwaves is evaluated.
Firstly, an overview of microwave propagation inside a bent pipe is given to offer an intuition; Secondly,
the dependence of mode conversion at a bend is clarified via theoretical derivation and numerical
simulation; Finally, the effects of multiple bends on reflection signals from pipe wall thinning flaws is

evaluated via experiments.

3.1 Overview of microwave propagation in a bent pipe

The propagation of TMy; mode microwaves inside a bent pipe is analyzed as an instance, as illustrated
in Fig. 3-1 and analyzed as follows. Firstly, the coaxial TEM mode microwaves (generated by a network
analyzer, not shown in the figure) are transmitted to a microwave probe. The TEM-TMy; mode converter,
one of the common microwave probes, is hereby used as an example, while the details of the TEM-TMy;
mode converter will be given in Section 3.4. Subsequently, the TEM mode microwaves are converted
into circular TMo; mode and enter the pipe. The TMo; mode microwaves undergo mode conversions
twice at the bend region: (1) the transmitted TMo; mode microwaves are partially converted into several
modes when passing through the bend for the first time; (2) the converted modes along with TMo; mode
are reflected back at the defect (or the pipe fitting, pipe end, etc.), and undergo the second mode
conversion on their return trip through the bend. In the second conversion, a portion of other modes
(particularly TE;; mode in this scenario) can also be converted into the TMo; mode. It should be noted
that: only TMo; mode microwaves can be ‘retrieved’ by the microwave probe, then converted into TEM
mode microwaves, and eventually received by the network analyzer. On the basis of the above analysis,
the energy loss of transmission mode (TMy1) is inevitable because of the mode conversion at the bend.
Therefore, it can be presumed that the reflections in a bent pipe (behind the bend, specifically) would
become more dispersed and of smaller amplitudes, compared with those in a straight pipe.
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Microwave probe
—  (TEM<—TM,)

Bend
region

TEM mode microwaves
Fig. 3-1 Overview of microwave transmission and conversion inside a bent pipe.
3.2 Theoretical derivation of the mode conversion due to a bend

From the analysis in Section 3.1, we can see the mode conversion of microwaves at a bend is very
crucial and should be clarified at first.

Fig. 3-2 Illustration of a curved pipe.

A geometric illustration of a curved pipe is shown in Fig. 3-2, in which parameters D, r, a, and z
represent the pipe’s inner diameter, the curvature radius, the bend angle, and the distance measured along
the curved axis, respectively. In fact, many theoretical studies on mode conversion/coupling due to a
bend have been carried out in several earlier studies [124-127], and the mathematical expression is given
as the equation system below:
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wherein 4, C, and £ are the complex amplitude of the coupled mode, coupling coefficient, and phase
constant, respectively. The signs ‘+’ and ‘-’ refer to the forward and backward direction of propagation,
respectively. The subscripts m, n, m’ and n’ denote the mode numbers, bound by the condition |m - m’|
= 1. The symbol j is the imaginary unit.

According to the formula of the coupling coefficient C among different microwave modes [128], C
is dependent on r, D, and the frequency f when the coupled modes are certain. Meanwhile, the phase
constant f is dependent on D and f. Therefore, it can be easily seen that the mode conversion of
microwaves at a bend is a function of four factors, as F' (r, D, a, f). However, in the authors’ previous
works [129,130], the results suggested that: it was the curvature radius normalized by the pipe’s inner
diameter #/D, the frequency normalized by the cut-off frequency f/f:, and the bend angle « that serve as
the major factors influencing the mode conversion at a bend, as expressed below:

S
F(r,D,a,f)=F, ( ,a) . 3.2
TR (3.2)
This conclusion simplifies the computation of the mode conversion at a bend with fewer parameters
and merges similar cases. A concise mathematical demonstration is given here.

Firstly, since z = r-a, Eq. (3.1) can be rewritten as:

+

d4:. . ) N
df;ﬂ :_.]rﬂm'n'Am' ZV (m n)(mn) mn

d4’ . .
m'n' __ 3
a _Jrﬂm'n'A +er (mn)(mn) mn

mn

(3.3)

The term 75, in Eq. (3.3) can be expressed as:

XZ
=rk*—k2, , 34
rﬁmn r cm'n' (D/2)2 ( )

where k is the wave number, while k., refers to the cut-off wavenumber of the m n’-th mode. The
symbol X, is the n’-th root of the Bessel function of the first kind J,»(X) (for TM modes) or the
derivative of the Bessel function of the first kind J’,(X) (for TE modes). Parameters u,» and v, are
introduced to express X, for TM and TE modes hereafter, respectively, to distinguish the two types of
modes.

Define kcrmor as the cut-off wavenumber of TMo; mode, given by

u
chMOl = (D(;IZ) )

(3.5)

where uo; is the first root of Jo(X) and stands for TMy; mode. Since the wavenumber £ is proportional to
the frequency f, Eq. (3.4) is expressed as:

2 2 2 2 2
. 1 K o _ o kX Ty, ST X (3.6)
m'n' — MeTMoO1 kz kz 01 kz 2 D - 01 2 2 D ’ :
¢TMol <TMOI Mot Hor Jamor Yo

where fermor is the cut-off frequency of TMo; mode.

27



Equation (3.6) suggested that #f,,» is dependent on /D and f/firmo1. Similarly, the term #Cnymn) can
be expressed by f/fetmo1, and the demonstration will be given subsequently. Also, in the following context
of'this section, brackets ‘()’and ‘[]” at the subscripts of the coupling coefficient C are used to differentiate
between TM and TE modes, respectively.

Take the coupling coefficient from TE,,, to TE,»,» mode »Cpwpipmn as an example:

(i) when m =0,

[J;n . mn] mn mn (ﬂmn ﬂmn) - ( 1)n+n '+1 (37)
S22 — e 12 2 B B
Let
mn m o ( 1)n+n '+1
c , 3.8
Jz[vm,,—(mﬂ) 1O = Vi) 9
hence
(\/( f mn_i_\/( f )2_@2
rC[i;n'n'][mn] _ SEEo” Bt B )’ D = oty Jermor Uy, Jermor ”31 (3.9)
\)ﬂmn ﬁm'n' 2 f 2 f . .
\/( ) mn . \/(
Jermon ”01 chMOl “01
(il) when m > 0,
. k*(D/2) B B c
Cc:. . =c '—'[C +c mn m'n' EE3 ] (3 10)
[m'n'|[mn] EEl \/7 EE2 EE2 2 2 P .
r lgmn'ﬁm'n' k k (D/z)
where
. ~ (_1)n+n' (3 11)
EE1 — . .
207, =)V = (1)1 (0, = V2)
Cppy = 2vm Vo, —m(m+ 1)(v vjm) , (3.12)
and
CEE3 Vm n an [vm n' Vrznn - 2m(m + 1)] . (313)
Thus #Cppn) [mn] 1S Written as:
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From Egs. (3.9) and (3.14), it is evident that #Cpuwjmns 1S @ function of f/fermor. Therefore, it can be
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concluded that the coefficients »f and »C in Eq. (3.3) are determined by #/D and f/fctmo1, while the
solution is determined by a. The mathematical demonstrations for other coupling coefficients (Cunjmn),
Cowwymn), and Corpymn) are given in Section A of Appendix. The above deductions confirm that the
mode conversion of microwaves depends on three factors: #/D, f/fermo1, and a. Actually, the cut-off
frequency f; used for normalizing f can be arbitrary, which can be proved by a simple derivation and will
be validated in Section 3.3 via numerical simulation. Furthermore, it is noteworthy that: although the
discussion above is purely analytical, in practice the mode conversion needs to be solved numerically
due to ordinary differential parameters.

3.3 Numerical simulation on mode conversion

Three-dimensional finite element simulations were performed in the frequency domain to further
verify the conclusion of the theoretical deduction: F (r, D, a, f) = Fnx (#/D, flf., o). The simulation
environment is the same as Section 2.2, and the geometric model of a bent pipe is displayed in Fig. 3-3.
The TMo1/TEoi/TE11 mode microwaves were respectively excited from one pipe end (Surface I), while
the transmission characteristic was evaluated at the other one (Surface II) for each of them. The energy
ratio of each mode was evaluated by normalizing the transmitted energy with the energy of the input
mode. A perfectly matched layer (PML) was used to simulate infinite space from which the reflections
to Surface II will be eliminated. Second-order tetrahedral and triangular elements were used for
discretization. The simulation parameters of the simulation are itemized in Table 3-1. Parameters fermor
and fereor are the cut-off frequencies of TMo; and TEo, respectively. The frequency span of each mode
for different D values was chosen to make the range of frmoi/fermor OF freoi/feteor Or freii/fermor
approximately identical (note: here fre11 was normalized by fermor). Furthermore, it should be mentioned
that TE1; mode here was linearly-polarized (by convention, the polarization refers to the electric field
direction in the pipe cross-section), thus TE;; mode under horizontal and vertical polarizations was
studied here. (note: here ‘horizontal’ is defined to be perpendicular to gravity direction, while ‘vertical’
is defined to be parallel to gravity direction)

100 5 25

A 4

Surface II

100

Surface 1

TM,, / TEy, / TE;,

Fig. 3-3 Geometric model of bent pipe for simulation (unit: mm, not to scale).
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Table 3-1 Simulation parameters

Parameter (unit) Value

Pipe’s inner diameter, D (mm) 12.7,39.0, 74.0
Normalized curvature radius, /D (-) 1,2,3,4,5
Bend angle, o (°) 90, 180

Frequency span of TMy; mode,
fTMOl (GHZ)

19.0 — 38.5 (step = 0.5 GHz, D = 12.7 mm)
6.5 —12.5 (step = 0.5 GHz, D = 39.0 mm)

3.3-6.5 (step = 0.2 GHz, D = 74.0 mm)

Jmor/fermor (<) 1.05 —2.12 (approx.)

30.0 —38.5 (step = 0.5 GHz, D = 12.7 mm)
10.0 — 12.4 (step = 0.4 GHz, D = 39.0 mm)
5.2-6.6 (step =0.2 GHz, D = 74.0 mm)

Frequency span of TEq; mode,
fTEol (GHZ)

Jreo1/feror (-) 1.05 — 1.33 (approx.)

Frequency span of TE;, mode, 18 — 36 (step = 0.5 GHz, D = 12.7 mm)

6 — 12 (step = 0.2 GHz, D = 39.0 mm)
Jren (GH2) 3.2 6.2 (step = 0.1 GHz, D = 74.0 mm)
JSrEn/fermor 1.00 —2.00 (approx.)

Figures 3-4 and 3-5 present two groups of simulation results for TMo; and TEo,. Figure 3-4 (a) depicts
the simulated fractional energy of TMoi, TE11, and TM11 modes, when /D =4, oo = 90°, and TM¢; mode
was the excitation mode. The transmission characteristics for three different D values are distinctly
separated given that their frequency spans are also different. However, if we normalize the results with
the cut-off frequencies of TMo; mode for D = 12.7, 39.0, and 74.0 mm, as shown in Fig. 3-4 (b), the
simulation results of the three different D values completely overlap each other and coincide with the
theoretically calculated results. Similarly, the simulation result of mode conversion from TEq; mode (v/D
=2, a = 180°) is presented in Fig. 3-5, and a similar consequence was also obtained: the simulation

results agree with the theoretically calculated results after normalization using the cut-off frequencies of
TEo1 mode.

a - o b .
(@ 1.0 -~ Dm (b) 1.0 MW%
?FI =5 o /‘ ]
08 | \ 08 e
o 0.6 _DT74.0 mm D 739.0 mm q:12.7 mm _% 06" —Theo. TM[H a Sim. TI'\/10,|
3 \ / | = - - Theo. TE o Sim. TE
> \ / [ a Sim. T™M = 1 1
CIEJ’()_A, \ /’ / 01 504 _._.Theo. ™,, v Sim. TM, |
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0 "w R gL 0 v - b?(ﬂ;m%m =00 L
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Frequency [GHz] Frequency / Cut-off frequency of TI\/’I01 [-]
Fig. 3-4 Mode conversion of TMo; mode microwaves at a bend (#/D = 4, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. 3-5 Mode conversion of TE¢; mode microwaves at a bend (/D = 2, a = 180°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.

In the case of TEi; mode exhibited in Figs. 3-6 and 3-7, we can also see that the energy ratio of each
mode for different diameters tends to become consistent after normalization of the frequency. Note that
the theoretical model for calculating mode conversion of TE; mode is only applicable to horizontal
polarization, so only simulation results were presented in Fig. 3-7. Comparing the results in Figs. 3-6(b)
and 3-7(b), it is also clear that the mode conversion of TE;; mode under horizontal and vertical
polarizations are also different from each other. Therefore, when calculating the mode conversion from
a non-axisymmetric mode, the polarization should also be taken into consideration. Furthermore, the
polarization of TE;; mode is not influenced or twisted by the bend and maintains unchanged, as shown
in Figs. 3-8(a) and (b). Although only four sets of data were exhibited in this section, similar results
could also be acquired for other »/D & o combinations, which are supplemented in Section B of
Appendix. Therefore, the conclusion of the theoretical analysis was also verified numerically.
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Fig. 3-6 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D =3, a

= 90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. 3-7 Mode conversion of TE;; mode microwaves at a bend under vertical polarization (/D =3, o =
90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation results.
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Fig. 3-8 Electric field distribution of linearly-polarized TE;1 mode microwaves in a bent pipe (D = 39
mm, /D =3, a =90°, f= 10 GHz), under (a) horizontal polarization, (b) vertical polarization.

3.4 Experiment

In Sections 3.2 and 3.3, the effect of a bend on microwave transmission, i.e. mode conversion, has
been investigated. In this section, how a bend influences the reflection signals will be studied and
quantitatively assessed through experiment.

3.4.1 Experimental system

The effect of a bend on reflection was evaluated by comparing the reflections from pipe wall thinning
flaws deployed in a straight pipe and a bent pipe. Figures 3-9 (a) and (b) show the straight pipe and bent
pipe under test, respectively. A network analyzer generated TEM mode microwaves, which propagated
through a flexible cable and reached the TEM-TMy; mode converter. This mode converter corresponds
to the TMo; mode microwave probe in Section 3.1, and it converted the TEM mode microwaves into
TMo: mode and emitted it into the pipe. Either the straight or the bent pipe was composed of seven
straight pipes, each of which was 1 m in length and made from stainless steel. Table 3-2 summarizes the
specifications of the pipes and bends used in this study. Four groups of pipes with different inner
diameters D were adopted for testing. One bend was prepared for pipe groups 1 to 3 each (bend 1, 2, 3),
while two bends were prepared for pipe group 4 (bend 4A and bend 4B). The model numbers of the five
bends and a photograph are presented in Table 3-3 and Fig. 3-10, respectively. All pipes and bends were
connected by standard ferrule connections (ISO sanitary ferrule fitting, Osaka Sanitary Co., Ltd.), and a
tailored O-ring was used at each connection to eliminate the gap and ensure the alignment of the
connection. Figure 3-9 (c) illustrates another connection layout for the bent pipe, in which the bend was
positioned at 3 m relative to the TEM-TMy; mode converter, so as to evaluate the effect of a bend on the
reflections ahead of it. Only pipe group 2 (D =17.5 mm) was additionally connected in terms of the
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layout shown in Fig. 3-9 (¢), and the result of this scenario is independently presented in Section 3.4.2.4.
The photograph of the experimental setup is shown in Fig. 3-11.
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Fig. 3-9 Experimental system, (a) without bend, (b) with bend at 1 m, (c¢) with bend at 3 m (for pipe
group 2).
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Table 3-2 Experimental specifications of four pipe groups.

Pipe group 1 2 3 4

Inner pipe diameter, 10.5 17.5 23.0 35.7

D (mm)

Normalized curvature radius, 1.37 (bend 4A)

#D () 3.62 2.17 1.48 213 (bend 4B)
o 90 (bend 4A)

Bend angle, a (°) 90 90 90 180 (bend 4B)

Pipe wall thickness, 1.65 1.65 12 12

¢t (mm)

Material of the pipe 316L SS 316L SS 304 SS 304 SS

Sweeping frequency span,
JSmo1 (GHz)

Cut-off frequency of TMo
mode, fermo1 (GHz)

Jr™or /fermor (<) 1.03-1.72 1.04-1.72 1.03-1.63 1.01-1.63

22.5-39.0 13.6 -22.6 10.3-16.3 6.5-10.5

21.87 13.12 9.98 6.43

Fig. 3-10 Photograph of the five bends used in the experiment.

Table 3-3 Model numbers of the five bends used in the experiment

Bend Model number Manufacturer

1 EL-2C-316L-8A Osaka Sanitary Co., Ltd.
2 EL-2C-316L-15A Osaka Sanitary Co., Ltd.
3 SNBE1S Misumi Group Inc.

4A SNBE1.5S Misumi Group Inc.

4B 18BND-2C-304-1.5S Osaka Sanitary Co., Ltd.
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Fig. 3-11 Overview of the experimental setup (pipe group 3, bent pipe).

The structure of the TEM-TMy; mode converter is portrayed in Fig. 3-12, and the mode converter for
each pipe group was designed in accordance with the study [131] via numerical simulations. The plate-
structure mode converter was chosen in this study. A semi-rigid cable was attached to the center of a
metal cap with a standard ferrule connection (the full-circumferential groove in the figure). Two types
of metal caps were used for pipe groups 1,2 (D1=34 mm, D»=27.5 mm, CLF-B-316L-15A, Osaka
Sanitary Co., Ltd.) and pipe groups 3,4 (D:=50.5 mm, D>=43.5 mm, CLF-B-304-1.5S, Osaka Sanitary
Co., Ltd.), respectively. A portion of core wire of the semi-rigid cable was exposed, while the exposed
core wire lengths (/g in Fig. 3-12) of the mode converters for pipe groups 1 to 4 were set to 2, 4, 6, and
9 mm, respectively, in order to maximize the conversion efficiency from TEM to TMo; mode on the
basis of the simulation results. The transmission and reflection characteristics of the four mode
converters are displayed in Fig. 3-13. The sweeping frequency spans of the four pipe groups listed in
Table 3-2 were determined by the energy ratio of the TMo; mode with respect to the frequency. It should
be noted that: even though the plate-structure TEM-TMy; mode converter can generate not only TMy,
but also TMo: or other higher-order modes [131], the upper limit of the sweeping frequency span of each
pipe group was lower than the corresponding cut-off frequency of TMy, mode. Therefore, in this section,
we only take the mode conversion of TMg; mode into account.
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Fig. 3-12 Structure of the TEM-TMj; mode converter (unit: mm, not to scale).

(@10-

o
o

Transmission, TM,,

4

o
o

o
o~

Energy ratio [-]

o
o

Reflection

35

30
Frequency [GHZz]

25

—_~
o
S—
—
o

Transmission, TM,,

o
e

o
o

o
~

Energy ratio [-]

Reflection

o
o

0

40

12 13 14 15
Frequency [GHZz]

10 11

16

17

—_
o
~—

Energy ratio [-]

o o o -
I o e o

o
o

Transmission, TMy,

Reflection

14 16 18 20 24
Frequency [GHz]

22

Transmission, TM,,

Reflection

8 9 10
Frequency [GHz]

11

Fig. 3-13 Transmission and reflection characteristics of the TEM-TMy; mode converters for four pipe
groups, (a) pipe group 1 (D =10.5 mm, /g =2 mm), (b) pipe group 2 (D =17.5 mm, /g =4 mm), (c) pipe
group 3 (D =23.0 mm, /g =6 mm), (d) pipe group 4 (D =35.7 mm, /g =9 mm).

To simulate the flaw of full-circumferential pipe wall thinning for each pipe group, a short pipe with
a larger inner diameter was inserted at points A to F in Fig. 3-9(a), and points A to F’ in Fig. 3-9(b) (or
points A to F’ in Fig. 3-9(c)). The effect of the bend was evaluated by measuring and comparing the
reflection signals at the corresponding points (e.g., A and A’). Table 3-4 itemizes the dimensions of the
short pipes, wherein Lr and Dr are the length and the inner diameter of the short pipe (except for short

3
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pipe 3-2, see the explanation in Table 3-4), respectively. In total, eight short pipes simulating pipe wall
thinning and five additional reference pipes (1-0, 2-0, 3-0a, 3-0b, and 4-0) were used in the experiments.
Figure 3-14 displays the photograph of the short pipes.

Table 3-4 Dimensions of the short pipes used in the experiments.

Inner diameter of the short Length of the short pipe,

Short pipe pipe, Dr (mm) Lr (mm)
1-0 10.5 100
1-1 11.5 100
2-0 17.5 100
2-1 18.5 100
3-0a 23.0 100
3-0b 23.0 150
3-1 23.5 100
3-2% 24.0 50
3-3 24.0 100
3-4 24.0 150
3-5 24.5 100
4-0 35.7 100
4-1 36.7 100

*: The length of the short pipe 3-2 is 100 mm, while only 50 mm long pipe wall thinning was machined
in the middle with an inner diameter of 24 mm, the inner diameter of the rest portion remains to be 23
mm. Thus, Lr and Dr for short pipe 3-2 refer to the length and inner diameter of the portion with pipe
wall thinning, respectively.

The reflections were measured in the frequency domain as S-parameters. In total, 3201 evenly-spaced
points were sampled over the sweeping frequency span of each pipe group with an average of 30
measurements. Subsequently, the measured reflection signals were converted into a time domain by
means of inverse fast Fourier transform and further processed using the signal-processing method
introduced in Section 2.4.
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Fig. 3-14 Short pipes used in the experiment for (a) pipe groups 1, 2, and 4, (b) pipe group 3.

3.4.2 Experiment results

3.4.2.1 Analysis of the reflection signals and qualitative evaluation of the effect of a bend

Figure 3-15 exhibits the time domain reflection signals obtained using pipe group 3 (D =23.0 mm)
and short pipe 3-3 (Lr =100, Dr=24.0 mm), wherein (a) and (b) are the reflection signals without and
with a bend, respectively. In both Figs. 3-15(a) and (b), the huge reflections appearing near 0 ns are due
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to the TEM-to-TMo; mode converter, while the reflections at around 70 ns correspond to the pipe end.
Reflections caused by the pipe wall thinning situated at different points can be clearly observed from
about 10 to 60 ns, while the amplitude of the reflection signal of one point (e.g., B) in the bent pipe is
discernibly smaller than that of the corresponding point (e.g., B) in a straight pipe. This is probably
because a portion of the TMy; mode microwaves was converted into other modes, which could not be
received by the TEM-TMy; mode converter. The energy loss of TMo; mode may have led to the decrease
in amplitude of reflections. The reference reflections obtained using the reference short pipe 3-0 (L
=100, D¢=23.0 mm) were omitted in the figure because the amplitudes of the reflection signals were
negligibly small, compared with those obtained using short pipe 3-3 simulating pipe wall thinning.

The signals shown in Fig. 3-15 were re-processed using the method described in Section 2.4 and
presented in Fig. 3-16. The explicit reflection peaks in both Figs. 3-16(a) and (b) indicate that the short
pipe with pipe wall thinning was detected and located at each point. Similarly, the amplitudes of
reflection signals in the bent pipe were also smaller than those of corresponding points in the straight
pipe. Moreover, in Fig.3-16 (b), there are some small and dispersive reflection peaks appearing ahead
of the main refection peaks, and they are highlighted with black down-arrows. According to the analysis
in Section 3.1, these reflections may have resulted from the portion of TM; mode microwaves converted
from the TEi; mode in the second mode conversion at the bend. Because the TEi; mode has a higher
group velocity and propagates faster than the TMo; mode, these reflections appear prior to those of the
‘unconverted’ TMo: mode. In addition, since the signal-processing only compensated for the dispersion
of the ‘unconverted’ TMo; mode correctly, the reflections of the TMo; mode converted from the TE;
mode are smaller and dispersed. Based on the above discussion, it is clear that the main effect of a bend
is the decrease in amplitude of the reflection signals due to the energy loss of TMo; mode caused by the
mode conversion at the bend. The processed reflection signals for pipe groups 1, 2, and 4 are additionally
shown in Figs. 3-17 to 3-19.

@) 404 (0) .04

o
o
@
o
o
@

Amplitude [-]
o
8
Amplitude [-]
o
8

o
=
o
Q

0 \ VTl L olhl o VU
0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
Time [ns] Time [ns]

Fig. 3-15 Time domain reflection signals from short pipe 3-3 deployed at multiple positions in pipe
group 3, (a) without bend (straight pipe), (b) with bend 3 (bent pipe).
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Fig. 3-16 Processed reflection signals from short pipe 3-3 deployed at multiple positions in pipe group
3, (a) without bend (straight pipe), (b) with bend 3 (bent pipe).
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Fig. 3-17 Processed reflection signals from short pipe 1-1 deployed at multiple positions in pipe group
1, (a) without bend (straight pipe), (b) with bend 1 (bent pipe).
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Fig. 3-18 Processed reflection signals from short pipe 2-1 deployed at multiple positions in pipe group
2, (a) without bend (straight pipe), (b) with bend 2 (bent pipe).
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Fig. 3-19 Processed reflection signals from short pipe 4-1 deployed at multiple positions in pipe group
1, (a) without bend (straight pipe), (b) with bend 4A (bent pipe), (c) with bend 4B (bent pipe).

3.4.2.2 Quantitative evaluation of the effect of the bend

In Section 3.4.2.1, the effect of a bend was discussed and evaluated qualitatively, i.e., the decrease in
amplitude of the reflection signals. In this section, quantitative evaluations for all four pipe groups are
conducted to clarify the practical effect of a bend.

In an earlier study [110], the attenuation of microwave signals with respect to the propagation distance
was studied theoretically and experimentally. The results showed that the amplitude of microwave signal
attenuates exponentially as the propagation distance increases. Referring to the approach utilized in that
study and taking the results in Fig.3-16 as an example, the reflection signals were further processed in
terms of the following steps: (1) the peak value of the reflection at each point was normalized with the
peak value at point A in either the ‘without bend’ or ‘with bend’ scenario; (2) the regression lines for
both scenarios were calculated with the normalized peak values (A to F for without bend, and A’ to F*
for with bend) using the least square method (LSM) from 1 m to 7 m. It should be noted that normalized
peak value at point A’ was excluded when calculating the LSM fitting, because the reflection at this point
could be easily influenced by the pipe fitting connection and seriously deviated from the main trend.

Using the method narrated in the preceding paragraph, the regression lines for the four pipe groups
were calculated and are displayed in Fig. 3-20, in which the short pipes 1-1, 2-1, 3-3 and 4-1 were used
to simulate the pipe wall thinning for pipe groups 1 to 4, respectively. As shown in every sub-figure, the
regression lines without and with bend are basically parallel to each other, which reveals that the effect
of a bend is a consecutive and basically constant decrease in amplitude of reflection signal. Since the
vertical axes are in log scale, the expression ‘amplitude-decrease coefficient’ is more appropriate for
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describing the effect of a bend.
To discuss the effect of a bend quantitatively, this study assumes that the relationship between the
amplitude of reflection signal without bend X and that with bend X is described as

X'=X-10", (3.15)

where A denotes the amplitude-decrease coefficient. Suppose that the regression lines of the straight
pipe and bent pipe are formulated as below:

{ys =k5x+b°

»° =k®x+b"’ (3.16)

in which &5, kB, b5, and b® are the slopes and intercepts evaluated from the LSM fitting, while y° and y®
are the normalized amplitudes of reflection signals (in log scale). ‘S’ and ‘B’ at the superscripts stand
for ‘straight pipe’ and ‘bent pipe’, respectively. Variable x is the distance, ranging from 1 to 7 m. Since
there is a discrepancy between the &5 and kB, A is evaluated as the average ‘distance’ between the two
regression lines from 1 to 7 m:

7
A

7-1
Table 3-5 summarizes the evaluated kis , le and A; for each pipe group, where the subscript i
(=1,2,3,4A and 4B) corresponds to the five bends in the four pipe groups. It can be seen that the values

(") G.17)

of A; vary from pipe group to pipe group, which indicates that bends of different »/D or a exert distinct
effects: as the range of frmo1 /fermor for the four pipe groups are nearly consistent, to 90° bends 1, 2, 3
and 4A, r/D is a critical factor which significantly influences A;; while to bend 2 and bend 4B whose a
are 90° and 180°, respectively, A, and A, are also quite contrasting even though their »/D values are
very close. Moreover, when the extent of mode conversion at the bend is drastic, namely the energy loss
of TMo: mode is relatively large, the value of A; tends to become large, and the decrease in reflection
signal is also large. If the mode conversion is not drastic, then A; will remain small accordingly, while
the decrease in signal is small as well. The theoretical and simulation results of the mode conversions at
the five bends are presented in Fig. 3-21. We can also infer the extent of the mode conversion at a bend
from the energy ratio of each mode. For instance, the mode conversions at bends 1 and 2 are not very
drastic, because the energy ratio of the TMo; mode is still dominant among all coupled modes. On the
other hand, the mode conversions at bends 3, 4A, and 4B are relatively drastic because the energy ratios
of the converted TE; and TE»; mode are quite large and cannot be ignored. On the other hand, the values
of kiS and kP are similar within one pipe group (like bend 4A and 4B in pipe group 4), but vary among
different pipe groups. This is because the attenuation of reflection signal versus distance is largely
influenced by the frequency f, whose range also varies among pipe groups.
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Fig. 3-20 Calculated regression lines of four pipe groups, (a) pipe group 1 with short pipe 1-1, (b) pipe

group 2 with short pipe 2—1, (c¢) pipe group 3 with short pipe 3- 3, (d) pipe group 4 with short pipe 4-1.

Table 3-5 Evaluations of kl-s, kB and A; for four pipe groups.

Pipe group 1 2 3 :
4A 4B
D (mm) 10.5 17.5 23.0 35.7
r/D (-) 3.62 2.17 1.48 1.37 2.13
a (deg.) 90 90 90 90 180
A; () 0.0436 0.0995 0.2415 0.3005 0.1949
1074 (o) 0.9045 0.7952 0.5735 0.5006 0.6384
kP (-) -0.2349 -0.1155 -0.0818 -0.0304
kB (- -0.2401 -0.1138 -0.0913 -0.0356 -0.0367
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Fig. 3-21 Theoretical and simulated results of the mode conversions at the five bends applied in the
experiments, (a) bend 1 (D =10.5 mm, /D =3.62, a =90°), (b) bend 2 (D=17.5mm, v/D=2.17,

=90°),

(c) bend 3 (D =23.0 mm, »/D =148, a =90°), (d) bend 4A (D =35.7mm, »/D=1.37, a =

90°), (¢) bend 4B (D = 35.7 mm, /D = 2.13, a = 180°).

3.4.2.3 Dependence of a bend’s effect on the flaw size

In this section, the dependence/independence of A on the flaw size is studied and evaluated. Pipe
group 3 (D =23.0 mm) was chosen, hence the bend’s dimension was fixed. The layout of the pipes as

well as

the deployment of the short pipes was the same as in Fig. 3-9 (a) and (b). In total, six short pipes
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(3-1, 3-2, 3-3, 3-4, 3-5, and 4-0) with different Dr or Lr values were tested in the experiment. Note that
adopting the short pipe 4-0 here is meant for introducing an extreme case of pipe wall thinning to study
the impact of the flaw’s size. The measured reflection signals were also processed in terms of the method
described in Section 3.4.2.2 and then presented in Fig. 3-22. Furthermore, k5, k2 and A; of each short
pipe were evaluated and are listed in Table 3-6 for comparison. Be aware that in Fig. 3-22(d), one data
point (pipe wall thinning at point C in the straight pipe, 3 m, circled with a black circle) was excluded
when calculating the LSM fitting and regression lines, because it seriously deviated from the trend and
can be deemed as a gross error.

From figure 3-22 and table 3-6, it is easy to see that the two regression lines in every sub-figure are
almost parallel to each other, while the evaluated A; are nearly consistent for each short pipe,
suggesting that the effect of a bend is consistent despite the flaw size Dr and Lr. In contrast, the values
of k§ and k¥ of the short pipe 3-2 are distinguished from those of the other short pipes, showing that
the attenuation rate of the reflection signals can be influenced by the extent of pipe wall thinning.
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Fig. 3-22 Regression lines of pipe group 3 obtained using six short pipes, (a) short pipe 3-1, (b) short
pipe 3-2, (c) short pipe 3-3, (d) short pipe 3-4, (¢) short pipe 3-5, (f) short pipe 4-0.

Table 3-6 Evaluations of A;, k5 and kZ for six different short pipes

Short pipe 3-1 3-2 3-3 3-4 3-5 4-0

Dr (mm) 23.5 24.0 24.0 24.0 24.5 35.7

Lr (mm) 100 50 100 150 100 100

Az S.P.(-) 0.2601 0.2395 0.2415 0.2328 0.2424 0.2492
1078382 (1) 0.5494 0.5761 0.5735 0.5851 0.5723 0.5634
k§ S.P.(-) -0.0845 -0.0652 -0.0818 -0.0859 -0.0835 -0.0870
k3 S.P.(-) -0.0840 -0.0697 -0.0912 -0.0867 -0.0929 -0.0943

3.2.2.4 Influence of a bend on the reflections ahead of it

Figure 3-23 shows the experimental results when the bend 2 was positioned at 3 m relative to the
TEM-TMy: mode converter, as previously illustrated in Fig. 3-9(c). The processed reflection signal of
the short pipe 2-1 is shown in Fig. 3-23(a), while the normalized peak values of reflection signals at
points A to F’ (bend at 3 m) and the results in Fig. 3-20(b) (bend at 1 m) are plotted together in Fig. 3-
23(b). Both Figs. 3-23(a) and (b) reveal that the bend started to ‘take effect’ on the reflection signals
from point C’, while the reflections at points A, B, and C, located ahead of the bend, were not noticeably
influenced. Therefore, it can be concluded that a bend imposes its effect mainly on the reflections behind
it, while those ahead of it are not affected significantly. Besides, its effect does not change along with

the position where the bend is situated.
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Fig. 3-23 Bend 2 deployed at 3 m relative to the TEM-TMy; mode converter and its effect, (a) processed

reflection signals, (b) comparison between the normalized peak values (bend at 3 m) and results of Fig.
3-20(b) (bend at 1 m).

3.4.2.5 Effect of bends with the same or close r/D and a

In Section 3.4.2.2, we confirmed that bends with 7/D or o possessed different A, namely the effect of
a bend on reflection. However, if there are two bends with the same or similar 7/D and a but different
inner diameter D, will they lead to an identical or akin A, when the range of f//. is also set to be consistent?
To clarify the point, an additional bend 4C (not listed in Table 3-2) was fabricated by cutting the bend
4B from the middle. The photo as well as the dimensions of the bend 4C is given in Fig. 3-24. The /D
and o for bend 4C are 2.13 and 90°, respectively, which are very close to those of the bend 2 (D =17.5
mm, #/D =2.17, and a = 90°). The experiment for bend 4C was conducted in terms of Section 3.4.1 and
the measured signals were processed according to the method in 3.2.4.2 Moreover, the experimental
data for the two bends were also trimmed to have the same range of f/f. (1.04 — 1.63). Figure 3-25
exhibits the regression lines of bend 2 and bend 4C after data trimming. As we see, the evaluated A of
them are also close even though they have different D. The small discrepancy of evaluated A can be
possibly attributed to the difference in the characteristics of microwave probes or mode converters (Fig.
3-13), data length, etc. From the above results, we can infer that there should be some consistency in A
between two bends with different D but close #/D and a, if the range of f/fc is also accordant.

Fig. 3-24 Bend 4C and its dimensional parameters.
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Fig. 3-25 Comparison between the effects of (a) bend 2 and (b) bend 4C, after trimming to data to the
same range of f/f. (1.04 — 1.63). (Note: for straight pipe, the data point at 1 m was excluded when
calculating LSM regression because of its too large deviation)

3.5 Summary

In this section, we investigated the effect of a bend on microwave transmission and reflection. The
factors affecting the mode conversion of microwaves due to a bend were studied theoretically and via
numerical simulation, while the effect of a bend on reflection was studied and quantitatively evaluated
through experiments. Both theoretical and simulation results indicate that the mode conversion at a bend
is dependent on three factors: the curvature radius normalized by the inner pipe diameter »/D, the
frequency normalized by cut-off frequency f/f., and the bend angle a. Besides, to non-axisymmetric
modes like TE, its polarization also influences the mode conversion and should be taken into account.
However, the polarization itself is not affected by mode conversion at a bend and maintained unchanged.
The experimental results show that the existence of a bend reduces the amplitudes of reflection signals,
and its practical effect on reflection is actually an amplitude-decrease coefficient (A), describing the
quantitative relationship between the amplitudes of reflection signals in a straight pipe and in a bent
pipe. Meanwhile, a bend does not influence the attenuation rate of reflection signal with respect to the
distance. Furthermore, the effect of a bend is not significantly influenced by the size of pipe wall thinning.
and a bend mainly influences the reflections behind it but has little impact on the reflections ahead of it.
Finally, we confirmed that bends with different D but close /D and a possess similar evaluated A,
namely the similar effect on reflection, if the ranges of f/f: is consistent. These conclusions enable us to
quantitatively analyze the behavior of microwaves inside a bent pipe, and estimate how a bend
influences the signal amplitude or detection range.
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Chapter 4 Crack detection in open-ended bent pipes

using a TE{; mode microwave probe

In this chapter, a crack-detection method using a TE;; mode microwave probe is proposed for the
inspection of bent pipes with open-end. Moreover, the applicability of this approach to multiple
diameters, long-range detection, and bent pipe (including bend-region) is also investigated.

4.1 Theoretical basis of using TE;; mode for crack detection

When microwaves propagate inside a metal waveguide or pipe, the surface current is induced on the
inner surface of the pipe, and the surface current density Js is calculated as:

JS=nXH’ (41)

where n denotes the outward normal to the inner surface of the pipe, while H is the magnetic field
intensity.

Sasaki [115] discussed the relationship between Js and the detection sensitivity towards crack: if the
orientation of the crack is parallel to Js, little reflection arises and the crack is undetectable; if the crack
perturbs Js (e.g., perpendicular to Js), large reflection is generated and the crack is detectable. For
instance, to TMo; and TE¢; modes, their electromagnetic field and surface current density distributions
are displayed in Figs. 4-1 and 4-2, respectively. As shown in Fig. 4-1(b), the surface current density of
TMoy is axial, thus TMg; mode is sensitive to circumferential cracks [ 107] but insensitive to axial cracks;
by contrast, the TE¢; mode’s surface current density is circumferential as displayed in Fig. 4-2(b), so it
is susceptible to axial cracks [108] but insusceptible to circumferential cracks.

(b)

YvYyYvYyy
A A A A

— Electric field - -» Magnetic field — Surface current

Fig. 4.1 Circular TMo: mode, (a) electromagnetic field distribution at cross-section, (b) side view of
surface current distribution.
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Fig. 4.2 Circular TEo; mode, (a) electromagnetic field distribution at cross-section, (b) side view of

surface current distribution.

In the case of the linearly-polarized TE:; mode, its electromagnetic field distribution is not asymmetric
like TMo; or TEy, and its surface current also contains both axial and circumferential components, as
shown in Fig. 4-3. By contention, the ‘polarization’ of electromagnetic waves refers to the direction of
the electric field, so the polarization in Fig. 4-3(b) is defined as horizontal polarization. Therefore, when
the polarization of TE|; mode is horizontal, axial cracks at points A and C as well as circumferential
cracks at points B and D in Fig. 4-3(b) are expected to be detectable. On the other hand, if the TE;; mode
is vertically polarized as given in Fig. 4-4(a), the distribution of electromagnetic field and surface current
density also rotate by 90 degrees relative to Fig. 4-3(b), hence axial cracks at points B and D as well as
circumferential cracks at points A and C in Fig. 4-4(b) are expected to be detected. Based on the
discussions above, since the sensitive areas of horizontal or vertical polarization exactly overlap the
detection dead zone of each other, a joint analysis of reflection signals under two polarizations would
make both axial and circumferential cracks detectable despite their circumferential positions in a pipe.

@ A (b)::\\\ ///C:\\\ /L R

N e

— Electric field - —» Magnetic field — Surface current

Fig. 4.3 Linearly-polarized TE;; mode under horizontal polarization, (a) electromagnetic field
distribution at cross-section, (b) side view of surface current distribution.
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Fig. 4.4 Linearly-polarized TE:; mode under vertical polarization, (a) electromagnetic field distribution
at cross-section, (b) side view of surface current distribution.

4.2 Design of TE11 mode microwave probe

The structure of the TE;; mode microwave probe in this study is illustrated in Fig. 4-5. It is composed
of a TEM-TMy; mode converter [131] and a TM:-TE1; mode converter, comprising two inversely
connected bends. Actually, the dual-bend TMy;-TE; mode converter or a similar type was proposed and
developed in several earlier studies [132-135] for high power microwave systems. However, most of
them were dedicated to working at a certain center frequency with a relatively narrow operating
frequency range. In the case of microwave NDT, the inner pipe diameter D is the main factor, while a
wider working bandwidth is preferable for a higher time-domain resolution as elucidated in Chapter 2.
Moreover, these studies mainly concentrated on the conversion from TMy; to TE;; mode but paid little
attention to the excitation of the TMo; mode. In this study, the TE;; mode microwave probe was
systematically designed following three steps: (1) Design the TEM-TMy mode converter for a
designated inner pipe diameter D by means of numerical simulation, and obtain the operational
frequency range of TMy; mode; (2) Over the obtained frequency range, calculate the fractional energy
of each mode on the condition that TMy; mode microwaves propagate through the dual-bend TM¢;-TE;
mode converter, based on the theory of mode conversion due to a bend; (3) In terms of the theoretically
calculated results, optimize the dimensions (curvature radius r, bend angle «) of the dual-bend TMy;-

- TEq >% ----------
TEM-TM,, Na p.~~Nr

TE1 mode converter.

Connected to m nverter | K 3
network analyzer /ode eonverie g AL § // Pi/e
(TEM mode) | == : ' z, K 1 P
| + -~ |
| | r - g
‘ L h
| . \ Dual-bend TM,,-TE,,

Lo ‘ mode converter
Fig. 4-5 Structure of TE;; mode microwave probe.
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4.2.1 Design of TEM-TMo1 mode converter

The TEM-TMy: mode converter was designed based on a former study of ours [131], and its geometric
structure is shown in Fig. 4-6 (a). A semi-rigid cable was attached to the center of a plate cap (Osaka
Sanitary Co., Ltd, CLF-B-304-1.5S) with a standard ferrule connection (the full circumferential groove
with a diameter of 43.5mm on the plate). A portion of the core wire was exposed for an optimum length
in order to achieve a higher conversion efficiency from TEM to TMo; mode. In this study, the pipe’s
inner diameter D was set to 23 mm, while the optimized exposure length of the core wire was 6 mm,
which was determined by the results of the numerical simulations. Figure 4-6(b) presents the reflection
and transmission characteristics of the TEM-TMy; mode converter. The operational frequency range of
TMo: mode was from 10.3 to 16.3 GHz, over which the energy ratio of the converted TMo mode was
above 50%. The conversion from TMy; to TE;; mode over this frequency range will be evaluated in
Section 4.2.2.

(@)

Connector %
\ - 50 % 6 10.81
7 ' -

Semi-rigid cable Core wire

Groove  @43.5 g

®50.5

6) 1o,

Transmission, TM,,
4

08¢
So6|
Y, TM,’s Energy ratio = 0.5
) - -
g0.4 FA—— 10.3 —16.3 GHz
c

0.2 A

Reflection, TEM |
0 ! . L i | |

10 11 12 13 14 15 16 17 18
Frequency [GHZz]

Fig. 4-6 TEMy;-TMy; mode converter for D = 23 mm, (a) structure (not to scale), (b) reflection and
transmission characteristics.

4.2.2 Design of TMoi1-TE11 mode converter

4.2.2.1 Theoretical calculation of the mode conversion in two inversely-connected bends

The conversion from the TMy; to TE;; mode is computed based on the principle of mode conversion
due to a bend, which has been introduced in Chapter 3. Over the operational frequency range of the
TMo: mode determined in 4.2.1 (10.3 — 16.3 GHz), a total of four propagating modes were involved in
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the calculation of the mode conversion. They are TE11, TMoi, TE21 and TMi; mode, and their cut-off
frequencies are 7.64, 9.98, 12.68 and 15.91 GHz, respectively, when D =23 mm. It should be noted that
the TE¢1 mode was excluded from the mode coupling even though its cut-off frequency is within the
input frequency range. That is because the preliminary simulation results revealed that the TEo mode
could not be generated in the mode coupling when TMo; mode was the only excitation mode. The mode
coupling among the above mentioned four modes to the forward direction was calculated as:

4, rpB rG, rCs rCy |\ 4
i 4, —j rCy rf, 1rCy rCy || 4 42)
da| 4, rC,, rCy, rf, rCy || 4 | '
4, rCy 1Cy 1Cy 1By )\ 4,

where subscripts 1 — 4 refer to modes TEi1, TMo1, TE21, and TMy1, Cj (i, j=1 — 4) denotes the coupling
coefficient among four modes, and C; = C;;. When the two coupled modes do not fulfill the condition
|m - m’| = 1, their coupling coefficient C; is 0. The symbols , a denote the curvature radius and bend
angle, respectively, while /3 is the phase constant. The initial value was set to A¢=[0,1,0,0]. The solution
of Eq. (4.2) is the result of mode conversion of a single bend. To calculate the mode conversion in two
inversely connected bends, we should proceed as follows. Firstly, calculate Eq. (4.2) and obtain the
output of first bend; secondly, replace the » and o in Eq. (4.2) with -r and -a; finally, calculate Eq. (4.2)
again utilizing the result of the first step as the initial value. Note that the calculated result A = [A41, 4>,
As, As] " is a vector of complex amplitudes, while the fractional energy of each mode is the square of
absolute value of 4.

On the basis of the results in Chapter 3, the mode conversion at a bend depends on three major factors:
r/D, a and the normalized frequency f/fc (wherein f: is the cut-off frequency of an arbitrary mode.) It
simplifies the calculation of mode conversion by reducing the number of parameters, and merges similar
cases. This conclusion will be adopted in the next section to optimize the dimensions of the TM;-TE;

mode converter.

4.2.2.2 Dimensional optimization of the dual-bend TM;-TE:; mode converter

As discussed in Section 2.4, the working bandwidth of the mode converter ought to be as wide as
possible so as to obtain a higher time-domain resolution. As the operational range of TMy; mode has
been determined, if using the cut-off frequency of TMo1 mode firmor for normalization, the normalized
operational frequency range of TMo; mode f/fcrmor was calculated as 1.03 — 1.63. Therefore, an optimum
combination of 7/D and a should be selected to maximize working bandwidth over the given range of
flfermor. This study defines the working bandwidth as the frequency range within which the energy ratio
of TE 1 mode is greater than or equal to 90%. In order to simplify the calculation, the curvature radii »
and bend angles a of two bends of the mode converter were set to identical. Then, /D and a were
scanned in terms of the values listed in Table 4-1 to calculate the normalized working bandwidth of the
converted TE;; mode.

Figure 4-7 (a) presents the computational results of normalized working bandwidth for the /D & o
combinations in Table 4-1. As shown in the figure, the maximum normalized working bandwidth was
0.35, acquired when /D =2.6 & a=51° or /D = 2.7 & oo = 49°. Figure 4-7 (b) shows the theoretically
calculated results of one scenario (/D =2.6 & o= 51°). The energy ratio of TE;; mode was greater than
or equal to 90% when f/fermor ranged from 1.24—1.59. The calculated result of another scenario (r/D =
2.7 & a.=49°) was similar to the result displayed in Fig. 4-7(b), enabling us to discuss only one of them.
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Table 4-1. Parameters and values of theoretical calculation.

Parameter Value (step)
/D[] 1-8(0.1)
a [deg.] 0180 (1)
f fermon [-] 1.03 - 1.63 (0.01)
(a) Optimum #/D and a 0.35 (0) 1.0~

#/D=2.6,a=>51°0r 0.9 - o/ — I
— B D =2.7,a=49° 030 08 I lfoouor: 1.24 = 1.59
= - (Energy ratio of TE,, mode = 90%)
% 0.3 025 9,6l |
x £ -- TMy,
502 020 3
= 504 —TE,,
£ 0.1 0.15 |5 . TE,,
Q 0.2 A
z 5. 0.10 R L.

] 180 Sl et
0.05 0 DU
5 10 11 12 13 14 15 16 1.7
rorl - 80 aldeg] O Mot [

Fig. 4-7 Theoretical calculation of the mode conversion at the TMo-TEi1 mode converter, (a)
normalized working bandwidths of different combinations of #/D and «a, (b) fractional energy of each
mode versus f/fetmor when #/D=2.6, o, =51°.

Three-dimensional numerical simulation was conducted to verify the optimization result of theoretical
calculation. The geometrical model is illustrated in Fig. 4-8. The inner diameter of the pipe was 23 mm,
while the curvature radius r and bend angle o were set to 60 mm (7/D = 2.6087) and 51°, respectively.
The TMy mode microwaves were excited at Surface I of the model, while the transmission
characteristics of converted modes were evaluated at Surface II. A perfectly matched layer (PML) was
placed at the other end to eliminate the reflection to Surface II. Second-order tetrahedral were used for
discretization. The sweeping frequency span was from 12.0 to 16.0 GHz, with a step of 0.1 GHz.

100 5 25

R - - PML
515/ 601 I
i . - TMy, TEyy,
60 < ‘\\‘5\‘1\ ° ; TE21 y wan

‘ ....... 123 | A

I, Air
Moy 100 (Unit: mm)

—

Fig. 4-8 Geometric model of numerical simulation (not to scale).
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Figure 4-9 shows the simulation results. The electromagnetic field distribution inside the TM;-TE;;
mode converter is displayed in Fig. 4-9(a), at the frequency of 14.0 GHz. As illustrated in the figure,
when propagating through the inversely-connected dual-bend, the axisymmetric TMo mode is
converted into the linearly-polarized TE;; mode as expected. Figure 4-9(b) exhibits the comparison
between theoretical calculation and numerical simulation. The theoretically calculated energy ratio of
each mode was consistent with the simulation result. The working bandwidth of the dual-bend TE

mode microwave probe was 3.5 GHz, approximately ranging from 12.4 to 15.9 GHz.
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Fig. 4-9 Simulation results (» = 60 mm, D = 23 mm, o = 51°). (a) Electromagnetic filed distribution
when /= 14 GHz, (b) comparison between the result of theoretical calculation and that of numerical

simulation.
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4.3 Experimental verification

Experiment was performed to verify the effectiveness of the TE;; mode microwave probe designed
in Section 4.2, by detecting artificial slits simulating axial/circumferential cracks at different
longitudinal and circumferential positions in a pipe.

4.3.1 Experimental setup

Figure 4-10(a) depicts the overview of the experimental system of this study. A network analyzer was
utilized to emit coaxial TEM mode microwaves. The excited TEM mode microwaves were subsequently
propagated through a flexible cable and transmitted to the TE;; mode microwave probe or a TEM-to-
TMo: mode converter, in terms of the layout illustrated in Figs. 4-10(b), (c), and (d). Note that the TE
mode microwave probe was deployed orthogonally in Figs 4-10(b) and (c), to realize horizontal or
vertical polarization of TE; mode.

A seven-meter long metal pipe was used for testing, and the material was type 304 stainless-steel.
Given that it is difficult to prepare a long seamless pipe, seven short pipes with a length of 1 m were
arranged and connected with ferrule connections. The inner diameter and wall thickness of the pipes
were 23 mm and 1.2 mm, respectively. A tailored O-ring and two rubber mats were installed at every
ferrule connection to eliminate misalignment in the pipe connections and reduce the reflection from the
connections. The photograph of the experimental setup is shown in Fig. 4-11.

(a) Network analyzer
oooao » 7m
0 I
o ! E
2 ° ‘ !
/@E‘?)ﬁ@ ecable | ... | £
! ' T T

. 1
Ferrule connection M——»

Pipe

[~ ! Axial or circumferential slit 7
: \ my TMy,-TE4 . simulating a crack (see Fig. 4-12) X 6Q—»

! mode converter
i TEM-TMg; mode Detailed structure of this portion is shown in
: converter (see Fig. 4-6) : (b), (c) and (d) of this figure

(b)

Fig. 4-10 Experimental system (not to scale), (a) experimental apparatus, (b) generating horizontally-
polarized TE;; mode, (c) generating vertically polarized TE|; mode, (d) generating TMo; mode. (Note:
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In (b), (c), and (d), the solid vector-line and broken vector-line in the circular cross-section inside the

wireframe denote electric field and magnetic field, respectively.)

TMgy-to-TE 4
| mode converter
W s = 2
: 5 TEM-to-TMy,

Flexible cable mode converter

Fig. 4-11 Photograph of the experimental setup.

To simulate cracks in a pipe, an axial slit and a circumferential slit were fabricated in the middle of
two pipes by a machine saw. The slits were longitudinally deployed at Ls = 1.5, 3.5, and 5.5 m, and
circumferentially situated at four points, A, B, C, and D as shown in the dash line box in Fig.4-10 (a).
The photos of the axial and circumferential slits are shown in Fig. 4-12. Table 4-2 summarizes the details

of the deployments of the two slits.

Fig. 4-12 Photographs of the artificial slits simulating cracks, (a) axial slit, (b) circumferential slit.

Table 4-2 Longitudinal and circumferential positions of axial and circumferential slits in the pipe

Cir. Pos.
A B C D
Ls (m)
1.5 axial circumferential circumferential axial
3.5 axial and circumferential
5.5 circumferential axial axial circumferential
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The reflection coefficients were measured in the frequency domain as S-parameters, over the working
frequency span of the TE;; mode microwave probe, i.e., 12.4 — 15.9 GHz. A total of 3201 equidistant
frequency points were sampled over this frequency span. Every measurement was conducted 30 times
and the average result was recorded. The measured frequency domain signals were converted into the
time domain with inverse fast Fourier transform and further processed using the signal-processing
method narrated in Section 2.4.

4.3.2 Results and discussions

Figures 4-13 and 4-14 exhibit the time-domain reflection signals from the axial and circumferential
slits situated at Ls = 3.5 m, while the propagating modes are TE;; mode under horizontal polarization
and vertical polarization, respectively. In each figure, the large reflection peak near 0 ns is from the
TEM-to-TMy: mode converter, while the reflection appearing at around 59 ns corresponds to the pipe
end (7 m). There is another discernible reflection peak appearing at about 3.5 ns, corresponding to the
outlet of the TM:-TEi; mode converter, namely the inlet of the pipe. Reflection signals from the slits
are highlighted with down-arrows. As shown in Fig. 4-13, reflections due to the axial slit at points A, C
and circumferential slit at points B, D are clearly observed at 31 ns or so, which accords with the analysis
of sensitive areas in Fig. 4-3. Likewise, in Fig. 4-14, axial slit at points B and D and circumferential slit
at points A and C are also explicitly detected, corresponding to the analysis in Fig. 4-4. There are several
local reflection peaks from about 10 ns to 55 ns, which were caused by the ferrule connections. On the
basis of the above discussions, it can be concluded that: orthogonally deploying the TE;; mode
microwave probe and jointly analyzing the reflection signals under two polarizations enable us to detect
both axial and circumferential slits located at arbitrary circumferential positions in a pipe.

Figure 4-15 shows the time-domain reflection signals when the TMo; mode was used for testing, while
the axial and circumferential slits were also situated at Ls = 3.5 m. Similarly, the reflection peaks at
around 0 ns and 67 ns correspond to the TEM-to-TMo; mode converter and the pipe end. The local
reflection peaks from about 10 to 60 ns were also caused by the ferrule connections, and they are a little
bit larger than the reflections caused by ferrule connections in Figs. 4-13 and 4-14. That is because the
surface current density of TMo; mode is longitudinal, which makes it susceptible to the circumferential
anomalies inside the pipe. The discernible reflections resulting from the slits are also marked with down-
arrows. From (a)—(d) and (e)—(h) in Fig. 4-15, we can see the TMo; mode shows an all-around sensitivity
to circumferential slits, but zero detectability against axial slits.
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Fig. 4-13 Reflection signals due to slits at Ls=3.5 m, using TE;; mode microwaves under horizontal
polarization, (a) — (d) axial slit at points A, B, C, and D, (e) — (h) circumferential slit at points A, B, C,
and D.
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Fig. 4-14 Reflection signals due to slits at Ls=3.5 m, using TE;; mode microwaves under vertical
polarization, (a) — (d) axial slit at points A, B, C, and D, (e) — (h) circumferential slit at points A, B, C,
and D.
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Fig. 4-15 Reflection signals due to slits at Ls=3.5 m, using TMo; mode microwaves, (a) — (d) axial slit
at points A, B, C, and D, (e) — (h) circumferential slit at points A, B, C, and D.

The processed reflection signals from the slits listed in Table 4-2 are presented in Figs. 4-16 and 4-17,
respectively. The results indicate that either axial or circumferential slit situated at Ls = 1.5 m, 3.5 m,
5.5 m and four different circumferential positions can be effectively detected and located, employing
the TE;; mode microwaves under two orthogonal polarizations. Small localized peaks appearing at 1 m,
2 m ..., 6 m correspond to the ferrule connections. Therefore, the viability of using linearly-polarized
TE 11 mode microwaves to detect cracks with arbitrary orientations in a pipe has been demonstrated, and
the efficacy of the TE;; mode microwave probe has also been verified.
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Fig. 4-16 Processed reflection signals from axial slit located at Ls =1.5, 3.5, 5.5 m and different
circumferential positions, using TE;; mode microwaves under (a) horizontal polarization, (b) vertical
polarization.
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Fig. 4-17 Processed reflection signals from circumferential slit located at Ls =1.5, 3.5, 5.5 m and
different circumferential positions, using TE;; mode microwaves under (a) horizontal polarization, (b)
vertical polarization.

4.4 Application to bent pipe

In Section 4.3, the proposed crack-detection method using linearly-polarized TE;; mode microwaves
has been proved to be effective for straight pipe inspection. However, whether it works for bent pipe
should be confirmed as the mode conversion occurs at the bend. In this section, the TE;; mode
microwave probe in the previous section was utilized again to detect cracks in a bent pipe, and the
experimental setup is shown in Fig. 4-18. In fact, the experimental system and parameters were almost
identical to that in Section 4.3, while the change was that a bend (D =23 mm, » = 34 mm, o = 90°) was
inserted at 1 m distant from the probe. According to the simulation results of the mode conversion of
TE11 mode in Section 3.3, the polarization remains unchanged when linearly-polarized TE;; mode
microwaves pass through a bend. Hence, the deployment of the TE; mode microwave probe and the
slits were arranged as follows: (1) firstly, the probe was horizontally deployed to generate TE;; mode
under horizontal polarization, while the axial and circumferential slits were longitudinally deployed at
Ls=0.5m, 1.5 m +lgend, 2.5 m +gend, 3.5 m +/pend, ..., 6.5 M +lpend ( Izena denotes the length of the bend
and is 95.4 mm). Note that the two slits were situated at corresponding sensitive area, e.g., axial slit at
point A and circumferential slit at point B; (2) then, the probe was vertically deployed to generate TE 1,
mode under vertical polarization, and the two slits were only deployed at Ls = 3.5 m +/gend, but
circumferentially deployed at both sensitive and insensitive areas (like both points A and B, refer to the
analysis in the preceding sections). Besides, reference test was also made for straight pipe (like Fig. 4-
10), where the slits were also positioned at Ls = 0.5, 1.5, 2.5, 3.5, ..., 6.5 m and corresponding sensitive
areas in the circumferential direction, and the polarization was horizontal.

62



LS = 0.5 m, 1-5 m + [Bund' 2.5 m + lBCl‘ld""’ 6.5 m + IBC]'[L' )
\ B Ferrule connection D =23 mm

1 I | — _!,.___ | I _._.____;_._.___‘_ _._.;r._

™~ SUS304 pipe

Connected to TE,; mode microwave probe
(horizontal and vertical polarization)

Cross-section

Fig. 4-18 Experimental setup for bent pipe testing using the TE;; mode microwave probe. (Note: the
illustration of Ls is not accurate in this figure, as Ls was measured along the axial line of the pipe.)

Figures 4-19 and 4-20 exhibit the processed reflection signals in the straight pipe and bent pipe, while
the polarization of TE;; mode was horizontal. In Fig. 4-20(a), discernible reflection peaks suggest that
axial slits in the bent pipe were detectable using TE;; mode microwaves. Moreover, comparing Figs. 4-
19(a) and 4-20(a), the obvious decrease in reflection amplitude from 0.5 m to 1.5 m +/geng indicates that
the bend did ‘take effect’. On the other hand, the reflections from the circumferential slit were rather
complicated in the bent pipe. As shown in Fig. 4-20(b), the noticeable reflection peaks were possibly
due to the TMy mode converted from TE;; mode at the bend, as the peak locations do not accord with
where the actual slit was situated. In contrast, the reflections due to the TE;; mode were drowned in the
relatively large reflections of TMy; mode. Nevertheless, since the TE;; mode microwave probe itself
incorporates a TMy; mode microwave probe (i.e., TEM-TMy; mode converter), we can thus make use
of it to detect circumferential flaws inside bent pipes. Fig. 4-21 shows the reflection signals from the
circumferential slit in the straight and bent pipes adopting TMo1 mode. The results indicate that the
circumferential slit was detectable given the existence of the bend, while the effect of the bend can also
be confirmed by comparing Figs. 4-21(a) and (b). The reflections at around 1, 2, 3..., 6 m in both two
sub-figures were due to the ferrule joints between two pipes or pipe and bend. Therefore, when a bend
imposes a relatively large effect on TE;; mode under horizontal polarization, utilizing the ‘self-
integrating’ TMo; mode microwave probe would be an effective and alternative way for detecting
circumferential cracks.
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Fig. 4-19 Processed reflection signals from axial/circumferential slit in the straight pipe using TE1; mode
under horizontal polarization, (a) axial slit, (b) circumferential slit.

(@o3 () 0o =

—0.5m —05m
—A5mel —1EmH,

— — —2.5m+/

N 2 —25m+l/ en ;002 L Bend

2 0 —_35 m+!2 : o 38 Mg

3 en 3 —45 mHBend

%- —45 mHBend %- —55me

= —-55 m+IBend £

< 0.1 —65mel, < 0.01}

O AAR R i
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Distance [m]

Distance [m]
Fig. 4-20 Processed reflection signals from axial/circumferential slit in the bent pipe using TE; mode
under horizontal polarization, (a) axial slit, (b) circumferential slit.
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Fig. 4-21. Processed reflection signals from circumferential slit using TMo; mode in a (a) straight pipe,

(b) bent pipe. (The frequency span of TMo; mode was the same as the working frequency span of TE;

mode microwave probe, namely 12.4 — 15.9 GHz)
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The reflection signals of vertical polarization are exhibited in Fig. 4-22. As shown in the figure, both
axial and circumferential slits deployed in sensitive arecas were detected, while those deployed at
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insensitive areas were undetectable. This result also verified the analysis in Section 3.3, i.e., the
polarization itself is not affected by the bend. Furthermore, we can see that the amplitudes of reflections
from axial and circumferential slits at the sensitive areas are basically identical to those in Fig 4-19,
where the results of straight pipe are presented. The reason has been discussed in Chapter 3, the
polarization of TE;; mode affects its mode conversion at the bend, thus the results under vertical
polarization are also expected to be a bit different from those under horizontal polarization shown in Fig.
4-20. The simulation results of the mode conversion of TE;; mode under horizontal and vertical
polarizations at the bend are displayed in Fig. 4-23. Clearly and obviously, more TE;; mode ‘passed
through’ the bend under vertical polarization and the mode conversions of two polarizations are quite
different from each other, which leads to the disparity in reflection amplitude.
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Fig. 4-22 Processed reflection signals from axial/circumferential slit in the bent pipe using TE; mode
under vertical polarization, (a) axial slit, (b) circumferential slit.
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Fig. 4-23 Simulation results of mode conversion of TE;; mode at the bend, (a) horizontal polarization,

(b) vertical polarization.

On the basis of the discussions above, although the presence of a bend influences the intensity of the
reflections from cracks and the detection sensitivities for TE;; mode under two orthogonal polarizations
are also different, the axial cracks are still anticipated to be detectable. Meanwhile, the thorough
detectability against cracks can still be achieved by additionally adopting the ‘self-integrating’ TMo,
mode as an auxiliary approach to detect circumferential cracks, if the effect of the bend on reflection is
relatively large.
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4.5 Applicability to multiple pipe diameter and long pipes

In the previous sections, only one pipe diameter D = 23 mm was studied, while this crack-detection
approach is designed for arbitrary inner pipe diameter. Besides, the length of the pipe under test was
merely 7 meters. Therefore, in this section, three more TE:; mode microwave probes with different D
are designed in terms of the method in Section 4.2 and fabricated for validation. Furthermore, the
experimental verification was conducted by detecting axial slit and circumferential slit (simulating
cracks) deployed at multiple longitudinal positions in pipes with lengths ranging from 21 to 25.5 m.

Figure 4-24 illustrates the structure of the TE;; mode microwave probe used in this section. The
difference between the probe in Section 4.2 and this one is the joint: the ferrule connection is replaced
by flange for easy connection and disconnection. The inner pipe diameter D = 11, 19, and 39 mm, and
the curvature radii » and bend angles a of two bends were also set to be identical to simplify the
computation of mode conversions at the dual-bend TMy;-TE1; mode converter. Table 4-3 summarizes
the optimized dimensional parameters for three TE;; mode converters (i.e. /&, 7, /D, and a), and their
working frequency spans fw were obtained accordingly, over which the energy ratio of TE;; mode was
greater than or equal to 90%.

Flange connection .

TEM-TMy,
Connected to mode converter /
network analyzer ___/______ ,

(TEM mode) | | Pipe

[ |
&:._':FL [ TMg, >-

Semi-rigid cable

\ Dual-bend TM,,-TE;;
mode converter

Fig. 4-24 Structure of the TE;; mode microwave probe with flange connections.

Figure 4-25 shows the comparisons between the theoretical and numerical results of the optimized
frequency-domain characteristics for the three TE;; mode microwave probes. Good consistency is
observed for each of them, and the working bandwidths of the three mode converters were 7.0, 4.0, and
1.9 GHz. It can be seen that the working bandwidth of the TE;; mode converter decreases when D
becomes larger, which is not preferable because the time-domain resolution is inversely proportional to
the frequency bandwidth as discussed in Chapter 2. The solution to this problem will be given in the
latter part of this section.

Table 4-3 Parameters of the three mode converters

D (mm) r (mm) r/D (-) o (deg.) [ (mm) fw (GHz)
11 30 2.73 48 3 26.0-33.0
19 50 2.63 50 5 15.0-19.0
39 100 2.56 51 9 7.3-9.2
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Fig. 4-25 Frequency-domain characteristics of the three TE; mode microwave probes, (a) D =11 mm,
(b) D=19 mm, (¢) D =39 mm.

The experimental verification was carried out as follows. Figure 4-26(a) illustrates the experimental
apparatus. The system is akin to that in Fig. 4-10, while the pipe length was up to 21 — 25 m, by
connecting several brass pipes (1.0, 1.5, or 2.0 m in length each) with flange joints. The three TE;; mode
converters were fabricated based on the results in Table 4-3 and portrayed in Fig. 4-26(b). An axial or a
circumferential slit was machined in the middle of a short pipe (200 mm in length, D =11, 19, and 39
mm) to simulate a crack, and the dimensions of the slits are specified by /a and ¢ depicted in Fig. 4-
26(c). To each inner pipe diameter D, another short pipe of the same length but with no fabricated slit
was used for reference. The short pipes were longitudinally situated at different positions (Ls) along the
pipes under test, and the slits were positioned at the corresponding sensitive areas in the circumferential
direction. Table 4-4 summarizes the experimental parameters. It should be noted that: due to the
precision limitations of the mechanical fabrication of bends, the inner diameter of the TMo;-TE; mode
converter for D =19 mm was actually 18.7 mm, and the 0.3 mm change in diameter led to a 0.4 GHz
frequency span shift, compared with the frequency span fw given in Table 4-3. The reflections were
measured as S-parameters (S11) in the frequency domain at 3201 equidistant points. The frequency-
domain signals were further processed using the method in Chapter 2 to predicate the location of the slit.
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(a) Connected to Flange connection  Axial or circumferential slit
network analyzer
(TEM mode)
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TEM-TMq, Dual-bend TMy;-TE;4
mode converter mode converter
In
I
Axial slit
1

Circumferential slit

Fig. 4-26 Experimental setup, (a) overview of the experimental system (not to scale), (b) three TE
mode microwave probes, (¢) dimensions of the axial and circumferential slits (D = 11, 19, and 39 mm,
not to scale).

Table 4-4 Experimental parameters

Inner pipe diameter, D (mm)

Parameter (unit)

11 19 39
Frequency span, /' (GHz) 26.0-33.0 154-194 7.3-9.2
Pipe length, L (m) 21.0 22.5 25.5
Short pipe position, Ls (m) 5,10, 15,20 4,8,12, 16,20 4,8,12,16,21,24
Axial slit length, /x (mm) 20 10, 20 20
Circumferential slit angular 90 45, 90 90

width, fc (°)

The experimental results are presented in Figs. 4-27 to 4-29. In the case of D = 39 mm, as shown in
Figs. 4-27(a) and (b), the clear reflection peaks appearing at Ls = 4, 8, ..., 24 m indicate that both the
axial and circumferential slits were detected at each location in the pipe. Small reflection peaks with
amplitudes smaller than 0.002 were mainly due to the flange connections, while the reflection at 25.5 m
corresponds to the pipe end. It should be emphasized that the reflections exhibit clear pulses even though
the working bandwidth was not so wide. It reveals that this method is prospectively applicable to the
inspections of pipes with larger diameters after further optimizing the frequency-domain characteristic
of the TE|; mode microwave probe. Likewise, when D = 19 mm as shown in Fig. 4-28, explicit reflection
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signals can be observed where the axial and circumferential slits were deployed, and detection sensitivity
was still very good even though the size of the slits was reduced by 50% as given in Figs. 4-28(c) and
(d). When D is 11 mm, the sharp and steep reflection peaks shown in Fig. 4-29(a) suggest that the axial
slit can be detected with high sensitivity. However, the result of the circumferential slit shown in Fig. 4-
29(b) is more complicated: the reflection from the circumferential slit became smaller, meanwhile, some
unknown reflections (highlighted with the dashed-line box) occurred at positions where neither slit nor
flange connections existed. However, after comparing the reflection signal of the circumferential slit
with that obtained using the reference pipe (no slit) shown in Fig. 4-29(c), it can be seen that the
reflections from the circumferential slit (highlighted with solid-line box) at Ls =5, 10, and 15 m are still
discernible for detection, while the unknown reflections may result from some hidden corrosion inside
a two-meter long pipe. Moreover, it should be noted that: when the pipe diameter becomes smaller, the
working bandwidth increases accordingly, while the reflection signal tends to attenuate more quickly
because the sweeping frequency also increases.
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Fig. 4-27 Processed reflection signals (D=39 mm) from two slits situated at Ls=4, 8, 12, 16, 21 and 24
m, (a) axial slit with /4 =20 mm, (b) circumferential slit with 6c = 90°.
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Fig. 4-28 Processed reflection signals (D=19 mm) from two slits situated at Ls= 4, 8, 12, 16 and 20 m,

(a) axial slit with /4 = 20 mm, (b) circumferential slit with 8c = 90°, (¢) axial slit with /4 = 10 mm, (d)
circumferential slit with ¢ = 45°.
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Fig. 4-29 Processed reflection signals (D = 11mm) from two slits situated at Ls= 5, 10, 15 and 20 m, (a)
axial slit with /a =20 mm, (b) circumferential slit with 6c = 90°, (¢) reference signal.

In addition, to achieve a wider working bandwidth and be applicable to the pipe with a larger inner
diameter, the TE;; mode microwave probe needs further modifications in structure. An improved TE;
mode microwave probe design is shown in Fig. 4-30(a). It is composed of an improved TEM-TMy,
mode converter proposed in [131] and a ‘non-symmetric’ dual-bend TMg;-TE1; mode converter whose
r1 #r2 and o1 # az. The improved TEM-TMy; mode converter possesses an elliptical incident part, which
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can generate TMo; mode of very wide span. Please refer to [131] for more information about the detailed
design process. Meanwhile, the non-symmetric structured TMy;-TE1; mode converter is also able to
achieve a high conversion efficiency and thus leads to a wider working bandwidth of TE;; mode. For
instance, the frequency-domain characteristic of the improved TE; mode microwave for D =39 mm is
shown in Fig. 4-30(b), and the working frequency span is extended to 8.5 — 15.4 GHz. Here the working
bandwidth is 5.9 GHz, which is more than three times of the previous one (1.9 GHz). Furthermore,
another improved probe was also designed for D = 57.5 mm, and its working bandwidth is 4.6 GHz as
shown in Fig. 4-30(c). The above results reveal that the improved TE;; mode microwave probe can
significantly enhance the frequency-domain characteristic and realize an ultra-wide working bandwidth.
Hence, it also shows a great prospect for application to large pipe diameter. The experimental validation
should also be performed in future works. Furthermore, when designing a mode converter or microwave
probe, we usually expect its working bandwidth to be as wide as possible, or the working bandwidth is
the primary metric for probe design. Also in future studies, more factors should be taken into account
when designing microwave probes, such as reflection characteristic of the flaws, attenuation of the
certain mode, etc.
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Fig. 4-30 (a) Structure of the improved TEi;; mode microwave probe; (b) the frequency-domain
characteristic of the improved probe with D =39 mm (¢ = 30 mm, /g =7 mm, r; = 230 mm, > = 60 mm,
o1 = 26°, and a; = 60°); (¢) the frequency-domain characteristic of the improved probe with D =57.5
mm (¢ =44.5 mm, /g =11 mm, r; = 320 mm, , = 150 mm, a; = 27°, and a, = 60°).

4.6 Bend-region crack detection

In Section 4.4, we confirmed that it is feasible to apply the proposed crack-detection method to bent

pipe. However, the artificial slit was positioned only at the straight part of the pipe instead of the bend
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region, which should also be concerned. Because in the bending process, the pipe wall at extrados of the
bend will become thinner and thus more sensitive to corrosion and stress. Therefore, it is of necessity to
test the detectability of this method to bend-region crack. In fact, ultrasonic guided waves have been
adopted for bend-region inspections [136,137] and revealed some significances, whereas the signal-to-
noise ratio of the experimental reflection signals is not adequately high for detection. This section
presents an experimental investigation into bend-region crack detection utilizing TE;; mode microwaves.

Figure 4-31 illustrates the experimental apparatus. The network analyzer (not shown in the figure)
excites TEM mode microwaves, and the TE;; mode microwave probe generates linearly-polarized TE1,
mode and emits it into the bent pipe for testing. The bent pipe system consisted of two 1 m pipes, two
0.5 m pipes, and a bend under test. They were connected with a ferrule or flange pipe fitting. The material
of the bend and pipes was stainless steel (SUS304). An axial or circumferential slit was machined at the
extrados of the bend to simulate the bend-region crack, because the wall thickness of the extrados was
thinner than other part of the bend, and the flow-accelerated corrosion [138,139] or liquid droplet
impingement [140-141] also tends to occur at the extrados. The size and angular position of the slit were
denoted by the angles 64/0c and J, respectively, as shown in the dash line box in the figure. In total,
three bends with two inner diameters (D = 23.0 and 35.7 mm) were tested in the experiment. The
dimensions of the bends (curvature radius » and bend angle a), along with the size and angular positions
of the machined slits, are itemized in Table 4-5. Meanwhile, the flawless bends were also tested in the
experiment for reference, and their photograph is displayed in Fig. 4-32.
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Fig. 4-31 Experimental apparatus (not to scale).
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Bend 1

Fig. 4-32 Three types of bends (without slit) tested in the experiment.

Table 4-5 Experimental parameters.

Parameter (unit) Bend 1 Bend 2 Bend 3

D (mm) 23.0 35.7 35.7

r (mm) 34.0 49.0 76.2

r/D (-) 1.478 1.373 2.134
a(°) 90 90 180

Oa (°) 10, 20, 30 30 30

Oc (°) 30, 60, 90 90 90

0(°) 20, 45,70 20, 45,70 45,90, 135
[ (mm) 6 9 9

Jfw (GHz) 12.4-15.9 8.5-10.6 8.5-10.6
Jermor (GHz) 9.98 6.43 6.43
Jwlfctvor (<) 1.24-1.59 1.32-1.65 1.32-1.65

Two TE1; mode microwave probes were designed for testing. The designing process of TE; mode
microwave probe has been depicted in Section 4. 2, and the photograph as well as the dimensions of the
two TE1; mode microwave probes is shown in Fig. 4-33. The specifications of the two probes such as
working frequency spans fw, are also listed in Table 4-5. The parameter fw/fctmor refers to the working
frequency span normalized by the cut-off frequency of TMo; mode fcrmor. Moreover, the TE; mode
microwave probe was orthogonally deployed to achieve the horizontal and vertical polarizations of the

TE11 mode microwaves, and thereby to realize thorough detection sensitivity against both axial and
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circumferential cracks.

The reflection coefficients were measured in the frequency domain as S-parameters, over the working
frequency span of each TE;; mode microwave probe. A total of 3201 frequency points with equal
intervals were sampled over the working frequency span of each microwave probe. Every measurement
was conducted 30 times and the average result was recorded. The measured frequency-domain signals

were processed using the signal-processing method in Chapter 2.

D =23.0 mm

Fig. 4-33 Two TE|; mode microwave probes and their dimensions. (Note: The inner diameter of the
TMy:-TE 11 mode converter for D= 35.7 mm was 35.0 mm, due to the precision limitations of mechanical
fabrication. Other dimensional parameters, such as the curvature radius and bend angle were also
optimized accordingly.)

The processed reflection signals of the three tested bends are exhibited in Figs. 4-34 to 4-36,
respectively. It should be noted that the reflection signals of the axial slits shown in each figure were
obtained under vertical polarization of TE;; mode microwaves, while those of the circumferential slits
were obtained under horizontal polarization, as stated in the preceding context. Correspondingly, the
reflection signals under ‘insensitive’ polarizations show very small reflections from slits, and thereby
are omitted here.

Firstly, in Figs.4-34(a) and (b), the small reflections at 0 m and ~3 m correspond to the inlet of the
pipe and the pipe end, respectively. Meanwhile, the small reflection at 1 m and ~2.2 m resulted from the

74



ferrule pipe fittings. At around 1.5 m, where the bend was deployed, the large and noticeable reflection
peaks indicate that both the axial and circumferential slits are detectable. Moreover, it is evident that the
reflections from the slits at different angular positions of the bend ¢ also show different peak locations
(predicted distances) and peak amplitudes. This is because the mode conversion at the bend, which
affects the amplitude and the phase of the TE;; mode microwaves, is dependent on J. Interestingly,
comparing Figs. 4-34(c) and (d), the reflection from a larger axial slit has a larger peak amplitude as
expected, whereas the reflection from a larger circumferential slit (6c = 90°) is lower than that from a
smaller circumferential slit (6c = 60°). In the case of bend 2, as shown in Fig. 4-35, the shape of the
reflections from the axial slits appears to be a bit similar to that in Fig. 4-34(a), whereas the shape of the
reflections from the circumferential slits is not similar to that in Fig. 4-34(b). One probable explanation
is that the normalized working frequency spans fw/fcrmor for bend 1 and bend 2 are not that consistent
and the dimensions of the slits are also different. In Fig. 4-36 for bend 3, the reflection peaks for J = 45,
90, and 135° can be clearly distinguished, as the bend itself is long. Meanwhile, the reflection signals
are dissimilar from those in Fig. 4-35 because the #/D of the two bends or ¢ are different. Furthermore,
it turns out that the axial slit situated in the middle of the bend usually leads to the largest reflection,
while the reflection signals of the circumferential slits are rather complicated. Nevertheless, it is explicit
that the peak location of reflection is dependent on the angular position J, while the peak amplitude of
reflection is affected by the mode conversion at the bend. Moreover, if the slits were machined at the
intrados, the detection sensitivity should not be affected as the polarization of TE;; mode remains
unchanged when it propagates through a bend.
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Fig. 4-34 Processed reflection signals of bend 1 (D =23.0 mm, /D = 1.478, oo = 90°, fw/fctmor = 1.24—
1.59), (a) axial slit with 84 = 20°, (b) circumferential slit with 6c = 60°, (¢) axial slit at 6 = 45°, (d)
circumferential slit at § = 45°.
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Fig. 4-35 Processed reflection signals of bend 2 (D = 35.7 mm, /D = 1.373, o = 90°, fw/fctmor = 1.32—
1.65), (a) axial, (b) circumferential slit.
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Fig. 4-36 Processed reflection signals of bend 3 (D = 35.7 mm, /D = 2.134, o = 180°, fw/fctmor = 1.32—
1.65), (a) axial, (b) circumferential slit.

Based on the results above, we have preliminarily confirmed the efficacy of using TE;; mode
microwaves in detecting bend-region cracks. The reflection from either axial or circumferential slit is
discernible for detection, and the peak location of reflection signal basically reveals the slit’s angular
position d. Nevertheless, the relevance between the peak amplitude of reflection and mode conversion
at the bend should be further investigated and clarified in the future.

4.7 Supplementary discussions on TE{; mode

4.7.1 Detection of pipe wall thinning using TE11 mode

The main contents of this chapter are about crack detection using a TE;; mode microwave probe,
while we also tested the detectability of TE{; mode towards pipe wall thinning through experiment. The
experiment system is shown below as Fig. 4-37, in which the experimental parameters are basically
identical to those of Fig. 4-10 in Section 4.3 but the slit was replaced by pipe wall thinning. The TE
mode microwave probe used here was also the same as the one in Section 4.3. A short pipe with a part
of full-circumferential wall thinning in its longitudinal direction was used to emulate the pipe wall
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thinning flaw, and its dimensions are illustrated in Fig. 4-37(c). The short pipe was situated at each
ferrule joint of the pipe, as J1, J2, ..., J6, which is 1 m, 2 m, ..., 6 m distant from the TE; mode
microwave probe. Meanwhile, a flawless short pipe was also used in the test as reference. The TE1;
mode microwave probe was deployed horizontally and vertically for orthogonal polarizations. In
addition, the ‘self-integrating’ TMo; mode with the same frequency range was also used for comparison.

The experimental results are shown in Fig. 4-38 to 4-40. From the comparison between Figs. 4-38 (a)
and (b), we can see the pipe wall thinning was detectable by the horizontally-polarized TE:; mode while
the signal-noise ratio was low. The reflection signals of vertical polarization in Fig. 4-39 show similar
consequences to Fig. 4-38. However, in Fig. 4-40 where the results of TMo; mode are presented, large
and clearer reflection peak at each joint can be observed and a high signal-to-noise ratio is achieved.
These results reveal that TMo; mode is more effective than TE;; mode in detecting pipe wall thinning.
Combining the results in Section 4.4, it can be concluded that utilizing TE; mode in conjunction with
the self-integrating TMo; mode can detect both pipe wall thinning as well as cracks, and thereby achieve
thorough detection capability.

(a) Experimental setup W : deployment of short pipe
J1 J2 J3 J4 J5 J6
v v v v v v 23mm
TE,; or TMy, mode |
(f=12.4—15.9 GHz) » """"""" | I | — | | 2 |
N "l im
SUS 304 pipe Ferrule connection t=12mm| |je———»

(b) TE,; mode microwave probe (D = 23 mm)  (c) Short pipe

TEM-TM,;, mode : \ \ 20 mm
converte S ‘ E .
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e b SERTTIIE ) [ - | 3
—
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Fig. 4-37 Experimental apparatus (not to scale).
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Fig. 4-38 Processed reflection signals of TE;; mode under horizontal polarization, (a) with pipe wall
thinning, (b) without pipe wall thinning.
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Fig. 4-39 Processed reflection signals of TE;; mode under vertical polarization, (a) with pipe wall
thinning, (b) without pipe wall thinning.
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Fig. 4-40 Processed reflection signals of TMo; mode, (a) with pipe wall thinning, (b) without pipe wall
thinning.

4.7.2 Detection of non-penetrant slit

In the previous sections, through-wall or penetrant slits were used to emulate cracks. However, these
artificial slits are usually too large in size or visibly observable, so a more practical flaw close to the real
crack should be introduced.

To address this concern, we prepared two non-penetrant axial slits with different longitudinal lengths
for testing. The testing system and the dimensions of the slits are portrayed in Fig. 4-41. The TE;; mode
microwave probe with an inner diameter of 19 mm in Section 4.5 was employed for detection. The
polarization was set to be horizontal. A short pipe with an axial non-penetrant slit fabricated on its inner
surface was deployed in a 4 m brass pipe, 3 m relative to the probe. The lengths of the two slits were 10
and 30 mm, while their width and depth were 1 mm. In addition, a short pipe without any slit was used
for comparison.

The time-domain reflection signals are shown in Fig. 4-42. The reflection from the 30 mm non-
penetrant slit is clearly observable, while that from the 10 mm slit is a little bit vague on account for
some undetermined reflections. Meanwhile, the relevance between detection sensitivity and polarization
was also confirmed as the slit positioned at insensitive area was undetectable. Compared with the

amplitude of reflection from through-wall slit in Section 4.5, the reflection from the non-penetrant slit
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is smaller in amplitude, but still noticeable. Although this is a very preliminary test using non-penetrant
slit, the detectability of TE; mode against cracks and other conclusions in previous sections remain to
be unchanged and valid. Meanwhile, more endeavors should be made to further study crack-detection
using TE1; mode, e.g., by introducing non-through circumferential slits or real cracks.

mm Flange Brass pipe Short pipe with non-penetrant axial slit

TE;; mode Y
microwaves . *************************** s

(15.4 — 19.4 GHz)

Tm

A4

A

Fig. 4-41 Testing system and dimensions of the non-penetrant axial slit.
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Fig. 4-42 Reflection signal of non-penetrant axial slits.
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4.8 Summary

In this chapter, a crack-detection method using a TE;; mode microwave probe has been developed,
and it can be applied for inspection of bent pipes with open-end. Firstly, the detection sensitivity against
cracks with different orientations was discussed based on the theory of surface current density on the
inner surface of the pipe, and the linearly-polarized TE|; mode exhibits the potential of being sensitive
to both axial and circumferential cracks in a pipe. A systematical method is proposed to design the TE1;
mode microwave probe for a designated inner pipe diameter, and the experimental verification also
suggests that either axial or circumferential slit simulating crack can be detected by jointly analyzing
the reflection signals under two orthogonal polarizations (horizontal and vertical). This method was also
confirmed to be effective for inspecting bent pipes, while the dependence of mode conversion at the
bend on the polarization of TE;; mode should also be taken into account. Furthermore, the application
to long-range pipe inspection and multiple inner pipe diameters further proved the versatility of this
method, and an improved TE;; mode microwave probe was also proposed to achieve a wide working
bandwidth and applicability to large diameter pipes. Next, the effectiveness in detecting bend-region
cracks was also preliminary verified. The angular position of the bend-region crack could be determined
from the peak locations of reflection signals, while more efforts should be made for investigating the
correlation between mode conversion at the bend and peak amplitude of reflections. Finally, the
detection of pipe wall thinning and non-penetrant slit using TE; mode were studied through experiment.
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Chapter S Side-incident probe design for directional

inspection of closed piping systems

In this Chapter, a dual-port, side-incident microwave probe is designed for directional inspection of
closed piping systems. Two types of probes (LJ and JL) are proposed to transmit TMo; and TMg, mode
microwaves into the pipe under test to opposite directions. Numerical simulation is conducted to
determine the dimensional parameters affecting the transmission characteristic of the probe, while the
probe’s dimensions are also optimized based on the simulation results. Besides, the simulation results
also confirm the adaptability of the proposed probe to other inner pipe diameters. Experiment is carried
out to test and verify the effectiveness of the designed probe in directional pipe inspection.

5.1 Side-incident method

The side-incident method is proposed given that the pipe end may not always be open for probe
insertion, especially in some complicated closed piping systems. Besides, if there are some valves,
orifices, or other pipe components that disturb the transmission of microwaves, using the side-incident
enables a more flexible way for probe deployment. One former study proposed a single-port, side-
incident microwave probe [111] to resolve this problem. The structure of the probe is shown in Fig. 5-
1(a). The TEM mode microwaves are emitted to the pipe from the pipe’s sidewall through a bent semi-
rigid coaxial cable inserted into the pipe. TM mode microwaves are mainly generated inside the pipe.
The direction of the microwave propagation inside the pipe can be altered by specifically selecting the
frequency range as shown in Figs. 5-1(b) and (c). When the frequency ranges from 18.5 GHz to 25.5
GHz, the TMy mode microwaves mainly propagate inside the pipe to the right direction; when the
frequency ranges from 30 GHz to 37 GHz, the TM, mode microwaves mainly propagate inside the pipe
to the left direction. Experiment was also conducted to verify the directional characteristic of the probe,
and the result agreed with the simulations. However, only a limited number of numerical simulations
were performed in the previous study, so the probe was not adequately optimized to obtain better mode
purity and transmission directivity, as the dimensional parameters influencing the transmission
characteristic of the probe were not completely clarified. For instance, as highlighted by the black arrow
in Fig. 5-1(b), a portion of the TMo; mode microwaves (mainly transmitted to the right) is also
transmitted to the left side, which could lead to a misjudgment or interference in analyzing the reflection
signals. Moreover, only the probe with an inner diameter of 19 mm was studied and developed in that
study, while the practicability of applying this side-incident method to other diameters was not discussed.

To address the above issues, we proposed a dual-port, side-incident microwave probe that can realize
the directional dual-way pipe inspection. The rest of this chapter is organized as follows. In Section 5.2,
numerical simulations are conducted for both single-port and dual-port, side-incident probes. First, the
dimensional parameters influencing the transmission characteristics of the single-port probe is
investigated. Then two types of dual-port, side-incident probes are proposed and optimized to acquire
good mode purity and transmission directivity. Moreover, the adaptability of this method to other inner
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pipe diameters are also studied. In Section 5.3, experimental verification is carried out to confirm the
effectiveness of the proposed dual-port probe by specifically detecting flaws at different positions in
pipes, and the applicability of this side-incident method to other inner pipe diameters is examined. The
conclusions and discussions are presented in Section 5.4.
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Fig. 5-1 Single-port, side-incident microwave probe, (a) structure (not to scale), (b) microwave modes
transmitted to the left surface, and (¢) microwave modes transmitted to the right surface. [111]

5.2 Numerical simulation

In this section, three-dimensional numerical simulations are carried out for both the previous single-
port probe and the newly proposed dual-port probe. The simulation environment has been introduced in
Chapter 2. The single-port probe is simulated to investigate the dimensional parameters affecting the
transmission characteristic of the probe and thus to obtain an optimized result for the single-way
microwave transmission. The simulation for the dual-port probe is conducted based on the results of the
single-port probe simulation to evaluate the mode purity and transmission directivity of the proposed
dual-port model in two directions. Furthermore, the feasibility of applying the side-incident method to
other pipe diameters is also discussed.

5.2.1 Single-port, side-incident probe

The geometrical model of the single-port, side-incident shown in Fig. 5-2 is basically the same as the
model in Fig. 5-1(a), which comprises a cylindrical air entity as the interior of the pipe and a side-
inserted semi-rigid coaxial cable. The diameter of the cable core wire was 0.8 mm, while the inner and
outer diameters of the outer layer of the cable were 2.2 mm and 2.9 mm [143], respectively. A dielectric
insulator was filled between the core wire and the outer layer of the cable, and its relative permittivity
was 1.687. The inner diameter of the pipe was set to 19 mm, and the perfectly matched layer (PML) was
positioned at each end of the pipe to simulate the infinite space. The boundary conditions of the pipe
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wall and the surface of the cable were defined as the perfect electric conductor. The TEM mode
microwaves were excited at the port outside the pipe, and the converted microwaves were transmitted
to two directions in the pipe. Two virtual surfaces were situated at the left side and the right side of the
model, 100 mm relative to the inserted cable. The two surfaces were defined as the left surface and right
surface, highlighted with the blue and red color in the figure, respectively. The domain-backed slit
condition was applied to these two surfaces, and the transmission characteristic of each mode (S-
parameter 21) was evaluated on both left and right surfaces. More specifically, the energy ratio of each
mode was evaluated by normalizing the transmitted energy with the inputted energy of TEM mode. The
labels (1) and (2) in the figure denote the ports 1 and 2 for evaluating S-parameter 21, respectively. Some
dimensional parameters of the probe were chosen and altered in the simulation to investigate their effects
on the transmission characteristic of the probe, including the curvature radius of the bent cable rc, the
exposed length of the cable core wire /g, the straight portion cable length /s, and the outer cable length
lv. Table 5-1 summarizes the values of the investigated parameters in the numerical simulation. The
sweeping frequency span franged from 12 GHz to 43 GHz, with a step of 0.5 GHz.

TEM

&

left surface Iy (1) right surface
(2) Ig Tc ) (2) I

core wire [

20 5 100 ] 100 5 20

Fig. 5-2 Geometrical model of the single-port, side-incident probe for simulation (unit: mm, not to scale).

Table 5-1 Simulation parameters of the single-port, side-incident probe

Parameter re I Is Iv*

Value (mm) 4,5,6,7,8 3,4,5 1,2,3,4,5,6,7,8 10, 20, 30

(*: The parameter /v was tested just for several groups of rc, lg, and /s. The result of each group indicates
that /v has nearly no influence on the transmission characteristic of the probe)

A series of simulations were conducted in terms of the parameters listed in Table 5-1. After analyzing
the simulation results of the different parameter combinations, we found that the dimensional parameters
rc, g, and s jointly affected the transmission characteristic of the probe and that /v nearly had no
influence. Figures 5-3, 5-4, 5-5, and 5-6 present four sets of simulation results, displaying the effects of
the dimensional parameters rc, /g, /s, and /v on the transmission characteristic of the probe. The reference
values for rc [g, Is, and /v were set to 6, 4, 5, and 10 mm, respectively, for the comparison with the results
of other dimensional parameter combinations. For simplicity, only the energy ratios of the TMo; and
TMp2 modes are exhibited in each figure. From Fig. 5-4, we can clearly see that /g affects the
transmission characteristic of the probe significantly, as the energy ratios of the TMg; and TMp, modes
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transmitted to either left or right direction varied drastically for different /. On the other hand, the effects
of /s and rc are not as significant as /g, while the difference in the energy ratio of each mode could still
be discernibly observed for different /s or rc, as given in Figs 5-3 and 5-5. Based on these results and
discussions, the correlation between the transmission characteristic of the probe and the dimensional
parameters rc, Is, and /g was proved. Furthermore, as shown in Fig. 5-6, the results of each sub-figure
show excellent consistency, demonstrating the lack of a relationship between /v and the transmission

characteristic of the probe.
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Fig. 5-3 Simulation results of the single-port probe when /s = 5 mm, /g = 4 mm, /v = 10 mm, and (a) rc
=4 mm, (b) rc = 6 mm, and (¢) c = 8 mm.
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Fig. 5-4 Simulation results of the single-port probe when rc = 6 mm, /s = 5 mm, /v = 10 mm, and (a) /g
=3 mm, (b) /e =4 mm, and (¢) [zt = 5 mm.
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Fig. 5-5 Simulation results of the single-port probe when rc = 6 mm, /g = 4 mm, v = 10 mm, and (a) /s
=2 mm, (b) Is =5 mm, and (c) /s = § mm.
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Fig. 5-6 Simulation results of the single-port probe when rc = 6 mm, /g =4 mm, /s =5 mm, and (a) lv =
10 mm, (b) /v =20 mm, and (c) /v =30 mm.

The simulation results also suggested that a very good single-way transmission characteristic could
be achieved for the TMy; or TMo, mode microwaves when rc, Is, and /g were selected to certain value
combinations. As shown in Fig. 5-7(a), when rc = 7 mm, /g = 3 mm, and /s = 8 mm and the frequency
ranged from 20.5 GHz to 27.0 GHz, the TMy; mode is dominant and mainly transmitted to the right side.
The energy ratio of the TMo; mode is larger than 0.5, and the energy ratios of other converted modes are
less than 0.1. Also as shown in Fig. 5-7(b), when rc = 5 mm, /g =5 mm, and /s = 1 mm and the frequency
ranged from 29.5 GHz to 36.5 GHz, the TMy, mode is preponderant and basically transmitted to the left
side. The energy ratio of the TMo, mode is greater than 0.5, and the energy ratios of other modes are
below 0.05. Compared with the probe in the previous study (Fig. 5-1), which can realize the dual-way
microwave propagation with a single port by specifically selecting the span of sweeping frequency, the
optimized single-port probe in this section can only implement a single-way transmission but possesses
higher mode purity and better transmission directivity. To achieve the dual-way pipe inspection, two
ports (cables) should be integrated into the current probe for transmitting microwaves to two opposite
directions.

(a) re=7mm, /; =3 mm, /=8 mm, /, = 10 mm (b) re=5mm, /; =5mm, /[g=1 mm, /, = 10 mm
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Fig. 5-7 Transmission characteristics of the optimized probes for transmitting (a) TMoi, (b) TMo2 mode

microwaves.

5.2.2 Dual-port, side-incident probe

On the basis of the results in 5.2.1, we proposed two types of dual-port, side-incident probes: the LJ
type and the JL type. The geometric models of the LJ and JL-type probes are illustrated in Figs. 5-8(a)

and (b), respectively. Each type of probe has two ports (L and R) for the microwave transmission to the
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left and right sides, respectively. The dimensions (7c, /g, and /s) of each inserted cable were identical to
the optimized results in 5.2.1, and the value of /v was set to 10 mm. The sweeping frequency step was
changed to 0.2 GHz. The S-parameter 21 was evaluated on both left and right surfaces, while the labels
(1) and (2) in Fig. 5-8 refer to the ports 1 and 2, respectively. The LJ-type probe consisted of two bent
cables that were deployed face-to-face as shown in Fig. 5-8(a), and the TMo; mode was the dominant
mode. The simulation result of the LJ-type, side-incident probe is presented in Fig. 5-9, which shows
the transmission characteristics when rc = 7 mm, /g = 3 mm, /s = 8 mm, and the TEM mode microwaves
were excited at the two ports, respectively. Over the frequency span of 20.6-25.6 GHz, the energy ratio
of the TMo; mode to either left or right direction is larger than 0.5 and those of other modes are mostly
smaller than 0.1. Clearly, ports L and R are identical as the transmission characteristics of the two ports
are consistent, as shown in Figs. 5-9(a) and (b), respectively.
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Fig. 5-8 Structures of the dual-port, side-incident probes: (a) LJ type and (b) JL type. (unit: mm, not to

scale)
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Fig. 5-9 Transmission characteristics of the LJ-type, side-incident probe when rc = 7 mm, /g = 3 mm,
and /s =8 mm, (a) port L (b) port R was used.

Similarly, when the inserted cables were deployed back-to-back as shown in Fig. 5-8(b), the TMy;
mode microwaves were mainly generated, and this type of probe was the JL type. As shown in Fig. 5-
10, when rc = 5 mm, /g = 5 mm, and /s = 1 mm and the frequency ranges from 29.0 GHz to 36.8 GHz,
the fractional energy of the TMo, mode is above 0.5 and those of others are basically below 0.05. The
JL-type probe seems to have a better mode purity than the LJ-type probe. However, its relatively higher
operating frequency also leads to a quicker signal decay, meanwhile bending the cable into smaller
curvature radii is difficult. Therefore, the LJ-type probe was mainly studied and experimentally
examined in Section 5.3. In comparison with the results acquired using the single-port probe shown in
Fig. 5-7, those of the dual-port probes were slightly fluctuant probably because of interference from the
unused port. As shown in Figs. 5-11(a) and (b), the 3D simulation models of the LJ-type probe and the
single-port probe are presented, wherein D =19 mm, rc = 7 mm, /g = 3 mm, /s =8 mm, and the frequency
was 23 GHz. In Fig. 5-11(a), the TEM mode microwaves were excited at port L (located at z = 0.05 m),
while port R (located at z=0.15 m) was not used. Comparing the two sub-figures, the wave distribution
between ports L and R (z = ~0.08 — 0.14 m) in Fig. 5-11(a) indicates that the existence of the unused
port R did affect the microwave transmission of the probe.
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Fig. 5-10 Transmission characteristics of the JL-type, side-incident probe when rc =5 mm, /g = 5 mm,
and /s =1 mm, (a) port L, (b) port R was used.
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Fig. 5-11 3D simulation models. (a) LJ type probe (D = 19 mm, rc =7 mm, /g = 3 mm, /s = 8§ mm, the
distance between two ports were 100 mm) and the intensity of electric field £z when the frequency was
23 GHz. The TEM mode microwaves were excited at port L (z = 0.05 m); (b) Single-port probe (D = 19
mm, 7c =7 mm, /g =3 mm, /s = 8§ mm) and the intensity of electric field Ez when the frequency was 23
GHz. The TEM mode was excited z = 0.05 m.
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Besides, we confirmed the distance between the two ports also affected the transmission characteristic
of the probe. More specifically, a too large or a too small interval could lead to the degradation of mode
purity and transmission directivity as shown in Fig. 5-12. The result shows that: the distance (interval)
between the two ports did affect the transmission characteristic of the probe, while a longer interval
seemingly did not mitigate the interference of the unused port or led to a better transmission
characteristic. In this study, the distance between the two ports was set to 100 mm or 150 mm. More
effort should be made in the future to further optimize the transmission characteristic of the proposed
probe.
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Fig. 5-12 Simulation results of the LJ type, dual-port probe when rc =7 mm, /g = 3 mm, /s = 8 mm, Iy
= 10 mm, and the distance (interval) between the two ports was (a) 100 mm, (b) 150 mm, and (c) 200
mm.

5.2.3 Applicability to other inner pipe diameters

The simulation results in 5.2.2 are valid only on the condition that the inner pipe diameter D is 19
mm. If D is changed to another value, the values of 7, /g, and /s will also need to be changed accordingly,
which takes extra works for the probe design and optimization.

Hopefully, we have discovered a proportional relationship between the optimized values of rc, [, Is,
and the diameter D, which could significantly reduce the time and work for probe design. For instance,
when D is 19 mm, the optimal values of rc, /g, and /s for the LJ-type probe are 7, 3, and 8 mm,
respectively. If D is changed to 39 mm, which is about two times of 19 mm, we can simply multiply the
optimal values of rc, [g, and s for D =19 mm by a factor 2 as the fiducial values (i.e., 14, 6, and 16 mm),
and then make small adjustments to the fiducial values to obtain better transmission characteristic.

Figure 5-13 shows the simulation result of the optimized LJ-type probe with D =39 mm based on the
proportional relationship between D and the dimensional parameters. Here, the values of rc, /g, and /s
are 14, 7, and 16 mm, respectively. The simulation results show that, when the frequency span is 8.8—
11.6 GHz, the energy ratio of the TMo; mode is larger than 0.5, whilst those of the other modes are
smaller than 0.1 for both ports L and R. Similarly, if D is changed to 57.5 mm, meanwhile ¢ =21 mm,
/e =11 mm, /s = 24 mm, and over the frequency span of 5.7 — 7.3 GHz, the energy ratio of TMo; mode
is above 0.5, while those of other modes are basically below 0.1, as shown in Fig. 5-14. Another group
of simulation results for D = 30 mm is presented in Fig. 5-15, showing a similar consequence. These
results reveal the potential that the optimized values could be applicable and adaptable to another inner
pipe diameter by multiplying the current optimal values by a factor determined by the diameters and
making small adjustments to the adapted values.
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Fig. 5-13 Transmission characteristics of the LJ-type, side-incident probe when D is changed to 39 mm,

and rc = 14 mm, /g = 7 mm, /s =16 mm, (a) port L, (b) port R was used. (Distance between the two ports
was 100 mm)
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Fig. 5-14 Transmission characteristics of the LJ-type, side-incident probe when D is changed to 57.5

mm, and ¢ = 21 mm, /g = 11 mm, /s =24 mm, (a) port L, (b) port R was used. (Distance between the
two ports was 150 mm)
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Fig. 5-15 Transmission characteristics of the LJ-type, side-incident probe when D is changed to 30 mm,
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and r¢ = 11 mm, /g = 5 mm, /s =12 mm, (a) port L, (b) port R was used. (Distance between the two ports
was 100 mm)

5.3 Experimental verification

Two LI-type, dual-port side-incident probes with an inner diameter of 19 mm or 39 mm were
fabricated in terms of the simulation results in Section 5.2. An experimental study was carried out to
verify the detection directivity of the LJ-type, side-incident probes by detecting the pipe wall thinning
positioned at different positions in pipes.

5.3.1 Experimental setup

Figure 5-16 illustrates an overview of the experimental setup. A network analyzer (not shown in the
figure) was utilized for generating coaxial TEM mode microwaves. The output of the network analyzer
was connected to one port (port L or R) of the dual-port, side-incident probe by a flexible coaxial cable.
The generated TEM mode microwaves were propagated through the flexible cable and subsequently
entered the brass pipe (D = 19 or 39 mm) through the dual-port, side-incident probe, which was deployed
at the middle of the pipes under test. Note that the ports L and R worked individually: when the left pipe
was inspected, port L should be connected and port R should be disconnected, and vice versa. The left
or right pipe was composed of several 1 m or 1.5 m straight brass pipes connected with flange fittings,
and the total length of each pipe was 4 m or 4.5 m. Also please note that the length of the left pipe and
that of the right pipe were different, so that the reflection from any pipe end could be distinguished and
determined. Concretely, when port L was connected to inspect the left pipe, the length of the left pipe
was 4 m and that of the right pipe was 4.5 m; when port R was connected to inspect the right pipe, the
right pipe was 4 m in length and the left pipe was 4.5 m. In brief, the pipe (left or right) that was 4 m in
length always corresponded to the port (L or R) in use, and a large reflection peak was expected to be
observed at 4 m whereas little reflection should be seen at 4.5 m. To simulate pipe wall thinning as a
flaw, short pipes with a larger inner diameter Dsp than the pipe’s inner diameter D were used in the
experiment and situated at different positions in the pipes (points A, B, A’, and B’) to test the detection
directivity of the probe. The inner diameter Dsp and length Lsp of the short pipes are presented in Table
5-2, in which the short pipes Nos. 1 and 4, with an inner diameter of 19.0 mm and 39.0 mm, respectively,
were used as reference. The detailed configuration of the short pipe is illustrated in Fig 5-17. The original
pipe wall thickness for either D = 19 mm or D = 39 mm pipe was 3 mm. Figure 5-18 displays the

photographs of the experimental setup and the short pipes.
(connected to network analyzer)

TEM TEM
flange ¥
connection B’ A’ port L:L"J:p brass pipe
\ m
_______________ I e . 2 || I D=19 or
39 mm
probe -~
1.00or1.5m 1.5m 1.5m 1.5m 1.5m 1.00or1.5m

Fig. 5-16 Illustration of the experimental setup (not to scale).
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Fig. 5-17 Illustration of the short pipe simulating pipe wall thinning (not to scale).

Table 5-2 Dimensions of the short pipes used in the experiment.

No. Dsp (mm) Lsp (mm)

1 19.0 38
2 19.4 38
3 19.8 38
4 39.0 50
5 40.0 50
6 41.0 50

~ LJ-type, dual-port
. side-incident probe

S

short pipes
(collected in a box) =~
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Fig. 5-18 Photograph of the (a) experimental setup, (b) short pipes.

Figure 5-19 shows the 19 mm and 39 mm LJ-type, side-incident probes. The probes were fabricated
by inserting semi-rigid cables into a brass pipe, on which two through-wall grooves were fabricated for
cable insertion. The cables were manually bent into certain curvature radii using the self-designed
benders made of resin and by 3D printing, and they were fixed to the pipe using an adhesive conductive
epoxy. The photographs of cable benders and a bent cable are displayed in Fig. 5-20. A connector was
attached to the end of each cable for connection. Regarding the 19 mm side-incident probe shown in
Fig. 5-19(a), the dimensional parameters of the fabricated probe were rc = 8 mm, /g =3 mm, and /s =7
mm, which were slightly different from the simulation results in Section 5.2.2. The change of probe
dimensions was mainly due to the difficulty in bending the cable into a smaller curvature radius. The
interval between the two ports was 84 mm, and the total length of the probe was 180 mm. However, the
simulation result for the fabricated probe was comparable with the optimal result in 5.2.2 and possessed
a similar transmission characteristic to that shown in Fig. 5-9. The 39 mm LJ-type side-incident probe
consisted of two single-port, side-incident probes assembled face-to-face as shown in Fig. 5-19(b). This
fabrication process made it easier to control the position of the cable inside the pipe and the alignment
of the two face-to-face situated cables. The working frequency spans for the 19 mm and 39 mm side-
incident probes were 20.6-25.4 GHz and 8.8-11.6 GHz, respectively. The measurement was
implemented in the frequency domain as a spectrum of the reflection coefficients (scattering parameters,
S11). A total of 3,201 uniformly spaced points were sampled over the working frequency span of each
side-incident probe. The measured frequency-domain reflection signals were processed using the signal-
processing method presented in Chapter 2.
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Fig. 5-19 Dimensions and internal structures of the two LJ-type, side-incident microwave probes; (a),
(c): 19 mm and (b), (d): 39 mm.

(@) 2 (b)

Fig. 5-20 (a) cable benders for 7c = 8 and 14 mm; (b) a bent cable with rc = 14 mm.

5.3.2 Results and discussion

Figures 5-21 and 5-22 present the processed reflection signals of 19 mm pipe and probe when ports
L and R were used, respectively. When port L was adopted and the left pipe was under inspection (Fig.
5-21), the two types of pipe wall thinning (Dsp = 19.4 and 19.8 mm) were detected at points A’ and B’
in the left pipe, whereas no obvious reflection signal was observed from the pipe wall thinning deployed
at points A and B in the right pipe. The large reflection appearing at 4 m corresponded to the left pipe

end, while no noticeable reflection appeared at 4.5 m from the right pipe end. Conversely, when port R
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was connected and the right pipe was inspected (Fig. 5-22), the reflections from the pipe wall thinning
situated at points A and B were discernible, whereas the pipe wall thinning at points A’ and B’ was
undetectable. The large reflection at 4 m was from the right pipe end, whereas no distinct reflection peak
was observed at 4.5 m from the left pipe end. Some small and dispersed reflections are observed between
1.5 m and 3 m in Figs. 5-21 and 5-22, and they could have resulted from the spurious modes generated
by the probe, such as the TE»; and TM ;1 modes. Moreover, the amplitudes of the reflection peaks in Fig.
5-21 (port L) are smaller than those in Fig. 5-22 (port R). The difference in reflection amplitude between
the two ports could be attributed to the fabrication error when bending the cables. As the curvature radius
rc was merely 8 mm and the bending process was performed manually, some deformations in the cross-
section of the cables were inevitable. Nevertheless, comparing the amplitudes of the reflections from
the pipe wall thinning with those from the pipe end and noises in Figs. 5-21(a) and 5-22(b), the results
of the two ports show a similar signal-to-noise ratio and nearly consistent detection sensitivities.
Therefore, a directional pipe inspection was realized by utilizing the proposed LJ-type, dual-port side-
incident probe for D = 19 mm.
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Fig. 5-21 Refection signals from the pipe wall thinning deployed at (a) points A’ and B’ and (b) points
A and B when D =19 mm and port L of the probe was used. The left pipe was 4 m in length and the right
pipe was 4.5 m.
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Fig. 5-22 Refection signals from the pipe wall thinning deployed at (a) points A’ and B’ and (b) points
A and B when D =19 mm and port R of the probe was used. The right pipe was 4 m in length and the
left pipe was 4.5 m.
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The experimental results for the 39 mm pipe and probe are shown in Figs. 5-23 and 5-24. Similar to
the results of the 19 mm scenario, the 39 mm side-incident probe, which was designed based on the
proportional relationship between the pipe diameter D and the dimensional parameters (7c, /g, and /s),
also showed a good detection directivity. The reflection signals of the two ports show similar amplitudes,
indicating that the two ports were almost identical. In summary, the experimental results presented in
this section suggest that the proposed dual-port, side-incident probes can achieve directional pipe
inspection with excellent directivity. Meanwhile, the applicability of this method to different inner pipe
diameters has been confirmed.
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Fig. 5-23 Refection signals from the pipe wall thinning deployed at (a) points A’ and B’ and (b) points
A and B when D =39 mm and port L of the probe was used. The left pipe was 4 m in length and the right
pipe was 4.5 m.
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Fig. 5-24 Refection signals from the pipe wall thinning deployed at (a) points A’ and B’ and (b) points
A and B when D =39 mm and port R of the probe was used. The right pipe was 4 m in length and the
left pipe was 4.5 m.

5.4 Summary

In this chapter, we reported a dual-port, side-incident microwave probe for directional inspection of

closed piping systems. Two types of probes (LJ and JL) were proposed based on the numerical
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simulations, and two LJ-type probes with different inner pipe diameters (19 and 39 mm) were fabricated
and examined through an experiment. The simulation results confirm that an optimal selection of the
three dimensional parameters (rc, /g, and Is) of the probe could significantly improve the mode purity
and transmission directivity of the probe. Besides, the optimized probe dimensions for one inner pipe
diameter could also be applied to another diameter by proportionally changing rc, /g, and /s of the current
probe with small adjustments. The results of the experimental verification show that the pipe wall
thinning deployed on either side of each probe could be detected and located using the corresponding
port of the probe. Adopting the side-incident method for use with other inner pipe diameters was verified
to be feasible.
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Chapter 6 Conclusion

6.1 Summary of this study

In this study, we have made significant improvement in microwave NDT technology for inspection
of piping systems with bends, so that to facilitate the usage of this method for practical pipe inspection.
To achieve this objective, the following three aspects of works were carried out:

(1) Investigation into the effect of a bend on microwave’s transmission and reflection;

(2) Development of a crack-detection approach using a TEi; mode microwave probe for inspection of
bent pipes with open-end;

(3) Design of a dual-port, side-incident microwave probe for directional inspection of closed piping
systems with bends.

The major works and findings are summarized below.

(1) Investigation into the effect of a bend on microwave’s transmission and reflection

The mode conversion of microwaves due to a bend and its dependence were studied theoretically and
through numerical simulation. The theoretical and numerical analysis on TMo1, TEoi, and TE:1 modes
reflect that the mode conversion at a bend hinges on three factors, they are the normalized curvature
radius /D, the normalized frequency f/f: and the bend angle a. In addition, to linearly-polarized and
non-axisymmetric TE;; mode, the polarization is also a critical factor that should be taken into
consideration when analyzing mode conversion. Concretely, the simulation results reveal that TE;; mode
under horizontal and vertical polarization have different transmission characteristics in a bent pipe, while
the polarization is not affected by the bend.

The effect of a bend on microwave’s reflection was evaluated quantitatively via experiment, by
comparing the reflection signals from pipe wall thinning deployed in straight pipes and bent pipes. The
results show that the presence of a bend leads to the decrease in reflection amplitude because the
fractional energy of the input TMo; mode decreases (converted to other modes at bend), while an
amplitude-decrease coefficient (A) was defined to quantitatively assess the effect of a bend. Besides, the
experimental results also suggest that: the effect of a bend is correlated with the extent of mode
conversion at the bend; the amplitude-decrease coefficient A is not noticeably affected by the flaw size;
the bend only takes effects on the reflection behind it, while that ahead of it is not affected significantly;
bends with different diameters but similar 7/D and a possess a similar effect on reflection A, if the range
of fIf. is certain.

(2) Development of a crack-detection approach using a TE;; mode microwave probe for inspection of

bent pipes with open-end

The feasibility of using linearly-polarized TE;; mode microwaves for crack detection was discussed
based on the analysis of surface current density. Since TE;; mode has both axial and circumferential
components of surface current induced on inner pipe wall, it is expected to be sensitive to both
circumferential and axial cracks inside the pipe. Then a systematical method was proposed for designing
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a TE;; mode microwave probe, which comprises a TEM-TMo; mode converter and dual-bend TMy;-
TE mode converter, for a certain inner pipe diameter. The dimensions of the probe were optimized to
acquire a wide working bandwidth of TE;; mode. The experimental verification was conducted by
detecting both axial and circumferential slits in a stainless steel pipe, and the results reflect that either
axial or circumferential slit was successfully detected at arbitrary longitudinal and circumferential
positions in the pipe, by jointly analyzing the reflection signals of TE:;; mode under two orthogonal
polarizations (horizontal and vertical).

After confirming the efficacy of the developed probe, it was subsequently applied for detecting cracks
in a bent pipe. Since the polarization of TE; mode has impact on mode conversion at a bend, there exists
a distinction in detection sensitivity between two polarizations (especially to circumferential crack).
However, if the existence of a bend significantly influences detection sensitivity to circumferential crack,
the ‘integrated’ TEM-TMo; mode converter can also be utilized as an auxiliary measure for detecting
circumferential cracks. On the basis of the preceding discussions, this crack detection method using the
TE 1 mode microwave probe can be applied for inspecting bent pipes with open-end.

The applicability of this method to long-range detection and other inner pipe diameters was also
validated through experiment. Three more TE; mode microwave probes with different inner diameters
(11, 19, and 39 mm) were designed and fabricated for experimental verification. The results demonstrate
the applicability to variant inner pipe diameters, and a detection range of up to 15-24 m has been realized.
Moreover, an improved TEi; mode microwave probe design was proposed to achieve wider working
bandwidth of TE:; mode so that this method can be used for large-diameter pipes with high range
resolution.

The viability for bend-region crack detection was also preliminarily examined via experiment. Axial
and circumferential slits were machined at different angular positions of three bends under test.
Discernible reflections from these slits were observed, while their angular positions were characterized
by the peak locations of the reflection signals. More endeavors ought to be made to study the correlation
between mode conversion at bend and reflection intensity, so as to quantitatively evaluate the slit size.

Finally, the detectability of TE;; mode against pipe wall thinning and non-penetrant slit was
additionally tested. The results show that the linearly-polarized TE|; mode has relatively low sensitivity
against pipe wall thinning, compared with TMy; mode. Ergo, jointly using TMy; and TEi; can realize
the thorough detection of pipe wall thinning and crack. On the other hand, the non-penetrant axial slit
was detected by using the TE;; mode microwave probe, but the reflection amplitude is smaller than the
penetrant slit. More works should be carried out in the future to detect non-penetrant circumferential slit
or real in-pipe cracks.

(3) Design of a dual-port, side-incident microwave probe for directional inspection of closed piping

systems with bends.

In view of the unaddressed problems in the previous study on side-incident method, quantities of
numerical simulations were firstly performed to determine the dimensional parameters that influence
the transmission characteristic of the single-port, side-incident probe. Afterwards, the single-port, side-
incident probe was optimized to achieve good mode purity and transmission directivity for TMg; or
TMy, mode in one direction. Then two types of dual-port, side-incident microwave probe (LJ and JL)
were designed by combining two ‘unidirectional’ single-port probes, and the adaptability to other pipe
diameters were also proved to be feasible according to the proportional relationship between the inner
pipe diameter and optimal dimensional parameters. Two LJ type dual-port probes with an inner diameter
of 19 or 39 mm were fabricated for experimental verification, by detecting pipe wall thinning flaws on
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either side of each probe. The results show that the proposed probe manifests excellent detection
directivity: using the corresponding port of the probe can effectively detect the pipe wall thinning in a
certain direction, while the pipe wall thinning situated on the other side of the probe does not intervene.
Hence the directional pipe inspection can be achieved by adopting the dual-port, side-incident
microwave probe.

This study enables us to analyze the bent pipe like the straight pipe, and provides a solution to bent
pipe inspection using microwave NDT. Firstly, to the maintenance of bent pipes with open-end in steam
generators or heat exchangers, the dimensions of the bends (like inner diameter D, curvature radius 7,
bend angle a, etc.) are certain, hence the effects of them can be evaluated or estimated. Furthermore,
using TE;; mode microwaves under two orthogonal polarizations (in conjunction with the ‘self-
integrating’ TMo: mode if needed) can achieve the thorough detectability against cracks at both straight
portion and bend-region of the pipe. Hence, a fast and efficient maintenance method is expected to be
realizable for open-ended bent pipes, such as steam generator tubes in pressurized water reactors. On
the other hand, to the closed piping systems, the dual-port, side-incident microwave probe can be pre-
deployed at some certain positions of the piping system for the periodical inspection or structural health
monitoring of some vital or vulnerable structures (e.g., bends). One great progress in this study was
finding out a way to readily design and adopt the side-incident probe for other diameters, and thus
facilitate the usage of this method for inspections of some complicated closed piping systems.

6.2 Future tasks

To further push forward the practical use of microwave NDT for bent pipe inspection or practical pipe
inspection, some works should be carried out in the future:

(1) Evaluation of the amplitude-decrease coefficient A of a bend on reflection from its dimensions
(v/D and a) as well as the range of f/f.. Establishing a database or a numerical model would also be
useful. It can help us estimate amplitude decay or the shrink of detection range due to a bend.

(2) Detection of real cracks using TE;; mode. In this study, penetrant slits were mainly used to emulate
the crack, while only two tests on non-penetrant axial slits were conducted. However, the real cracks
would be much more complicated as it is like a crevice and ‘zero’ in width. Tests using real crack or
field-experiment should be carried out in the future.

(3) Identification and quantitative assessment of the flaw. The previous and current studies mainly
concentrate on detection and locating of the flaw, while the flaw recognition as well as size evaluation
was not studied particularly. Not to mention the presence of a bend or bends will make the reflections
more complicated. Some machine learning methods can be used as a tool.

(4) The experimental verification on the improved TE|; mode microwave probe should be conducted.
Besides, since it possesses wider working bandwidth, tests on its range resolution, in other words,
detectability towards multiple contiguous cracks, would be a good trial.

(5) Structure of the side-incident probe should be further strengthened and improved to withstand the
fluid flow, pressure, and even corrosion, so that it can be integrated inside the piping system for structural
health monitoring.
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Appendix

A. Mathematical demonstrations for other three coupling coefficients:

A.1 TMyu to TE v mode, Clun’)(mn)

The coupling coefficient from TM,, to TE,, is described as below:

n+n'+1 ﬁmn ﬂm'n'
o e-(=1) ~(m+1)~(7i7) Dk

[m'n'Y(mn) —
2r
Vo —(m+1)? (2 —ul \/ﬂm” o
mn ( ) ( mn WlVl) k k

El

where

/2 (m=1)

62{1/\/5 (m=0)

Thus 7Ciwn) mn) can be rewritten as follows:

\/(f)Z_umsz_r\/( / ) —tuw

Ct _ Jermor Uy, Jermor Uy, S
PO omny = CemYor f ,
f 2 ujm f 2 vri'n' cTMO1
. (A
Jermon Up Sermon Uy

where
e (_l)n+n'+l . (m + 1)
\/Vri'n' - (m + 1)2 ’ (Vi'n' - uin) .

It reveals that #Cpwnjomn) 18 @ function of f7fermor.

Cem

A.2 Tan to TMm’n’ mOde, C(m’n’)(mn)

The coupling coefficient from TM,., to TE,» is expressed as follows:
(1) when m=0:

c* _ Bt B 21y, By £ (D12 (B,, = B, )K £B,,8,,)] (D" -(D/2)

(') = > s oo
z(um'n' _umn) ’ ﬁmnﬂm'n' r

hence »Ciwn) (mm) 1S given by:
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252y
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\/(chMOI) ) ué] -

2
u- ., ., 01
.\/(f)z_mzn , (A6)
Jermon Uy,
f u’i/’l f uji'n' f2 f ujm f ui'n'
[\/( )2__2_ ( )2_ 2 Il 2 +,/( )2__2' (—)2__2]}
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we thus have:
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where
(_1)n+n'
Coppy = ——————. (A.10)
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From Egs. (A.6) and (A.9), it is obvious that #Cpy»ymn) 1s dependent only on f/fermor.
A.3 TEmn tO TMm’n’ mOde, C(m’n’)[mn]
(1) when m = 0:
0 (n=n")
c . .= 1£1) kD Al
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the coupling coefficient is
+ _m(Ian i ﬂm'n') (_1)m+m'+1 ) kD
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, 2 2 2
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Then rCopy mn] 1s formulated as:

ﬂmn ) ﬁm'n'
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2 2
\/( f )2 _ umn + \/( f )2 _ um'n'
> + 2
+ _ Jermar Uy, Sermon Uy f
TCnnnimny = Emeotor = ; f , (A.14)
f o u oo ou.. cTMO1

Sermor Up Sermor Uy

where

—-m- (_ 1)m+m'+1

CME0 = : (A.15)
’ 2 2 2 2
2 an -m (um'n' - vmn)

From Eq. (A.12) and (A.14), it is evident that the #Cw»yms) hinges on f/fermor.

Based on the above derivations for all coupling coefficients, the dependence of the term »C on f/fctmon
has been thoroughly demonstrated.

B. Theoretical and numerical calculation of mode conversion of TMy1, TEo1,

and TE;1 mode (under horizontal and vertical polarizations) due to a bend

The remained theoretical and numerical results of mode conversion are presented in this section. From
the results of TMo1, TEo1, and TE1; mode under horizontal polarization, it seems that the theoretical and
simulation results are not perfectly consistent when the value of #/D becomes small. Besides, at some
cut-off frequency points, some discontinuities in theoretical results also occur. This is probably because
the theoretical model of mode conversion, which is in fact a differential equation system, was solved
numerically in this study, meaning that the calculation is not 100% errorless. But on the other hand, all

the simulation results for the three inner pipe diameters D exhibit great consistency, proving the
dependence of mode conversion on the three factors: #/D, a, and f/fc.

B.1. Mode conversion of TMo1 mode for different /D and a values

Nine groups of mode conversion of TMy; mode at a bend are shown in Figs. B-1 to B-9.
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Fig. B-1 Mode conversion of TMy; mode microwaves at a bend (#/D = 1, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-2 Mode conversion of TMy; mode microwaves at a bend (/D = 1, o = 180°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and

normalized simulation results.
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Fig. B-3 Mode conversion of TMy; mode microwaves at a bend (#/D = 2, a = 90°), (a) simulated
fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and

normalized simulation results.
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Fig. B-4 Mode conversion of TMy; mode microwaves at a bend (#/D = 2, o = 180°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-5 Mode conversion of TMy; mode microwaves at a bend (#/D = 3, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and

normalized simulation results.
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Fig. B-6 Mode conversion of TMy; mode microwaves at a bend (/D = 3, o = 180°), (a) simulated
fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and

normalized simulation results.
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Fig. B-7 Mode conversion of TMy; mode microwaves at a bend (/D = 4, o = 180°), (a) simulated
fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and

normalized simulation results.
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Fig. B-8 Mode conversion of TMy; mode microwaves at a bend (#/D = 5, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-9 Mode conversion of TMy; mode microwaves at a bend (/D = 5, o = 180°), (a) simulated
fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and

norma

lized simulation results.

B.2. Mode conversion of TEo1 mode for different »/D and a values

Nine groups of mode conversion of TE¢ mode at a bend are shown in Figs. B-10 to B-18. To TE,
mode, the bend angle seems to be a more influential factor of mode conversion when #/D is certain.
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Fig. B-10 Mode conversion of TE¢; mode microwaves at a bend (#/D = 1, a = 90°), (a) simulated
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fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-11 Mode conversion of TE¢; mode microwaves at a bend (/D = 1, a = 180°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-12 Mode conversion of TE¢; mode microwaves at a bend (#/D = 2, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-13 Mode conversion of TE¢; mode microwaves at a bend (#/D = 3, a = 90°), (a) simulated
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fractional energy for D =12.7, 39.0,

and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-14 Mode conversion of TEg; mode microwaves at a bend (/D = 3, a = 180°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-15 Mode conversion of TE¢; mode microwaves at a bend (#/D = 4, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-16 Mode conversion of TEy; mode microwaves at a bend (/D = 4, a = 180°), (a) simulated
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fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-17 Mode conversion of TE¢; mode microwaves at a bend (#/D = 5, a = 90°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.
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Fig. B-18 Mode conversion of TEy; mode microwaves at a bend (/D = 5, a = 180°), (a) simulated

fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the theoretical results and
normalized simulation results.

B.3. Mode conversion of TE11 mode under horizontal polarization for different /D and a
values

Nine groups of mode conversion of TE;; mode under horizontal polarization at a bend are shown in
Figs. B-19 to B-27.
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Fig. B-19 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 1,

o = 90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-20 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 1,

o= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-21 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 2,

o= 90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-22 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 2,

o= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-23 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 3,

o= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-24 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 4,

o= 90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-25 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (/D = 4,

o= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-26 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (#/D =5,

o = 90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the
theoretical results and normalized simulation results.
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Fig. B-27 Mode conversion of TE;; mode microwaves under horizontal polarization at a bend (#/D =5,
o.= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) comparison between the

theoretical results and normalized simulation results.
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B.4. Mode conversion of TEnn mode under vertical polarization for different /D and a
values

Nine groups of mode conversion of TE¢; mode under vertical polarization at a bend are shown in Figs.

B-28 to B-36. Note that only simulation results are presented.
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Fig. B-28 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (/D =1, a
=90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation results.
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Fig. B-29 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (/D =1, a
= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation

results.
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Fig. B-30 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (#/D =2, a
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=90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation results
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Fig. B

-31 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (#/D =2, o

= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation

results.
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Fig. B-32 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (#/D =3, a
= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation

results.
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Fig. B-33 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (#/D =4, a
=90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation results
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Fig. B-35 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (/D =5, a
=90°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation results

a
() 10" @mwﬁ
o [

2 D=740mm D=39.0mm D=12.7mm

w 0.6

S \ o Sim. TM
o 04} \ ' 01
Lﬁ o Sim. TE11

a Sim. TE21

Frequency [GHz]

b

( ) 1.0 [PODR0 0@DO 0 OEOID LA 0y, Py s scrlofed ¥
—08" TEss

= o Sim. TM,,
©0.6 o Sim. TE,_
3 s Sim. TE,,,
504"

c

w TEzw\ TMm

T a e e 20

0
Frequency / Cut-off frequency of ™, [

Fig. B-36 Mode conversion of TE;; mode microwaves under vertical polarization at a bend (#/D =5, a
= 180°), (a) simulated fractional energy for D =12.7, 39.0, and 74.0 mm, (b) normalized simulation

results.
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C. Additional test of the dual-port, side-incident probe using partial pipe wall
thinning
The detectability of the two dual-port, side-incident microwave probes was additionally examined by

detecting partial pipe wall thinning. The structure of the partial pipe wall thinning as well as the
photograph of the short pipes is illustrated in Fig. C-1, and the dimensions are itemized in Table C-1.

short pipe with partially (b)
milled damage

/ -

brass pipe |«

(c)

Y

No.1

No.6

Fig. C-1 Illustration of the short pipe with partial pipe wall thinning, (a) side view, (b) cross-section (not

No.4

to scale), and (c) photograph of short pipes with partial pipe wall thinning.
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Table C-1 Dimensions of the short pipes used in the experiment.

No. D (mm) d (mm) 0 (deg.)
1 19.0 0 0

2 19.0 0.5 90

3 19.0 0.5 180

4 39.0 0 0

5 39.0 2 45

6 39.0 2 90

The experimental system is the same as Fig. 5-16. The experimental results are shown in Figs. C-2 to

C-5. Although the reflections become smaller compared to the results in Section 5.3.2, the proposed

side-incident probes still reflect good detection directivity.
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Fig. C-2 Refection signals from the partial pipe wall thinning deployed at (a) points A’ and B’ and (b)

points A and B when D =19 mm and port L of the probe was used. The left pipe was 4 m in length and

the right pipe was 4.5 m. (S.P. = short pipe)
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Fig. C-3 Refection signals from the partial pipe wall thinning deployed at (a) points A’ and B’ and (b)

points A and B when D =19 mm and port R of the probe was used. The right pipe was 4 m in length and

the left pipe was 4.5 m. (S.P. = short pipe)
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Fig. C-4 Refection signals from the partial pipe wall thinning deployed at (a) points A’ and B’ and (b)
points A and B when D =39 mm and port L of the probe was used. The left pipe was 4 m in length and
the right pipe was 4.5 m. (S.P. = short pipe)
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Fig. C-5 Refection signals from the partial pipe wall thinning deployed at (a) points A’ and B’ and (b)
points A and B when D =39 mm and port R of the probe was used. The right pipe was 4 m in length and
the left pipe was 4.5 m. (S.P. = short pipe)
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