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To solve the problem of wall thickness reduction and defects of oil and gas pipeline caused by corrosion or ero-

sion, a remote field eddy current (RFEC) testing method with coaxial double coil structure is proposed to detect

corrosion residual wall thickness of oil and gas gathering pipelines. Based on electromagnetic field theories,

RFEC technology is theoretically analyzed. The theoretical model of RFEC detection for coaxial double coil

structure is established. The relationship between the voltage phase of detection signal and the wall thickness of

pipeline is derived, and an evaluation method of the residual wall thickness of the pipeline based on the phase

trough time of the RFEC detection signal is proposed. The parameters of RFEC probe are optimized by Finite

Element Method, and the detection system is designed on the basis of it. The practicability and the correctness

of the theoretical model of the detection system are verified by experiments. It can be used to detect the resid-

ual wall thickness of pipelines in real time under different media conditions.
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1. Introduction

In oil and natural gas industry, collection and trans-

portation pipeline transports the untreated mixed sub-

stances, such as oil and natural gas produced from various

scattered oil fields to oil and gas treatment stations.

Therefore, the pipeline of oil and gas transport is long and

the pipeline network layout is complicated. Meanwhile,

the crude oil flowing through the pipeline is a complex

and varied medium, which is highly corrosive. It makes

the oil and gas gathering pipeline easily being corroded

and damaged, forming defects and affecting the safe pro-

duction of oil and gas gathering stations [1]. They are

divided into the corrosion of the inner wall of the pipe

and the corrosion of the outer wall of the pipe according

to the position of the corroded pipe wall [2]. The outer

wall of the pipe is corroded mainly because physical,

chemical and electrochemical reactions occur when the

outer wall of the pipe is in contact with soil, air, water

and strong sunlight for a long time, which leads to defects

in the corrosion of the pipe wall. Corrosion of the inner

wall of the pipe is mainly due to the gas-liquid mixture

containing a large amount of corrosive gas and brine,

which chemically and electrochemically interact with the

inner wall of the pipe to corrode the pipe wall. In order to

ensure that oil and gas gathering and transportation stations

can be operated safely and efficiently, it is necessary to

carry out defect detection on oil and gas gathering and

transportation pipelines.

To detect oil and gas gathering pipeline defects, common

methods include ultrasonic method, magnetic flux leakage

method and conventional eddy current (EC) method [3].

Ultrasonic testing technology uses the propagation and

reflection of ultrasonic waves in the medium to be tested

to detect defect information [4]. Ultrasonic testing techno-

logy has the characteristics of good directionality and

strong penetrating ability. However, the detection speed of

the technology is relatively slow, and a coupling agent is

needed in the detection process [5]. It is difficult to

quantitatively obtain the type and size of the defect, and

the detection accuracy of the small crack is not high. The

magnetic flux leakage detection technology uses an ex-

ternal magnetic field (MF) to magnetize the ferromagnetic

material, and the magnetic lines of force pass through the

inside of the material. If the interior of the material is

intact, the distribution of the magnetic lines of the force
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within the material will be relatively uniform, and the

detecting sensor does not receive the leakage MF signal.

If there are defects such as corrosion or crack inside the

material, the magnetic lines of the force passing through

the defect area will be distorted due to the change of the

magnetic resistance of the material, and some of them

will pass through the surface of the material, so that the

formation near the outer surface of the defect can be

detected by the detecting sensor [6]. Magnetic flux leak-

age detection is relatively efficient because it requires low

surface cleaning of the detector. However, there are many

disturbances in the detection process, leading to uncertainty

in its inversion, that is, there is no unique solution. The

EC detection technology adopts the principle of electro-

magnetic detection. When an alternating current signal is

applied to exciting coil, a varying excitation MF is gene-

rated in the vicinity of the coil. Then the ferromagnetic

detected test piece is brought close to, and an induced

current is generated in the test piece. The MF generated

by the EC is opposite to the excitation MF, and the

frequency is the same. It is called the reflected MF. The

reflected MF acts on the detecting coil, which changes the

impedance of the detecting coil. The metal defect related

information can be determined by measuring the im-

pedance change of the detecting coil. This is the most

common EC testing method. Due to the skin effect, the

conventional EC can only detect pipe surface and near

surface defects.

The RFEC technique uses a low-frequency excitation

signal [7]. Under low-frequency excitation conditions, a

RFEC phenomenon occurs in a certain distance from the

exciting coil. This EC phenomenon is different from the

conventional EC phenomenon [8]. Part of the MF energy

generated by the exciting coil passes through the tube

wall twice and carries the inner and outer tube wall

information to the receiving coil [9]. Therefore, RFEC

technology has the following advantages in the detection

of pipe wall defects: it is not affected by the non-metallic

coating on the weld surface. The detection sensitivity of

corrosion defects on inner and outer tube walls is con-

sistent. The thickness of tube wall is approximately pro-

portional to the phase of detection signal, so it is easy to

distinguish defects. It inherits the advantages of non-

contact, high sensitivity and fast detection speed of tradi-

tional EC method. Compared with conventional eddy

current inspection, RFEC method not only has the potential

to overcome the lift-off effects, but also has the ability to

detect the inner defect for thick ferromagnetic pipes [10].

This paper aims at the actual problem that oil and gas

gathering and transportation pipelines are prone to corro-

sion and defects. Based on the flaw detection mechanism

of RFEC pipeline, a simulation model of flaw detection is

established and a simulation experiment is conducted

[11]. According to the distribution of MF in the pipeline,

the exciting coil and detecting coil are designed, and the

probe length is optimized. For the different defects of

pipe, the internal relation between defect depth and detect-

ing signal phase is analyzed, and the defect depth is

quantitatively identified. On the basis of the simulation,

the detection system was built and the pipeline defect

detection experiment was carried out to verify the relation-

ship between defect depth and signal phase in the theore-

tical model and the simulation model.

2. Detection Principle

2.1. Principle of RFEC testing technology

RFEC is a low-frequency EC detection technology that

can penetrate the metal pipe wall twice [12]. Its detection

principle is shown in Fig. 1. The main structure of the

RFEC probe includes the exciting coil coaxially placed

with the pipeline and the detection coil coaxially placed

in the remote field region (RFR), as well as some parts

for improving the detection performance of the probe,

such as shielding device, magnetic conductive device,

magnetic saturation device, etc. [13].

After the low-frequency sinusoidal alternating current is

applied into the exciting coil [14], three typical RFEC in

the near field region (NFR), the transition region (TR)

and the RFR are formed in the pipeline. Meanwhile,

energy direct flow paths will occur in the pipeline, and

energy indirect flow paths will occur near the wall. In the

NFR, the alternating MF generated by the exciting coil is

relatively strong. However, with the increase of axial di-

stance from the exciting coil, the magnetic field intensity

(MFI) decreases sharply due to the shielding effect of the

induced EC in the pipe wall near the exciting coil, and the

MF distribution in this region cannot contribute to the

defect detection signal. The exciting coil and its adjacent

Fig. 1. (Color online) Schematic diagram of RFEC defect

detection principle.
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pipe wall form a transformer structure, and a circum-

ferential EC is generated in the pipe wall. Some of the EC

rapidly diffuses to the outer surface of the pipe, and these

circumferential EC further produce the alternating MF

which diffuses into the air near the wall of the tube and

conducts along the tube to the remote field [15]. The

indirect energy in the remote field is much greater than

the direct energy. Therefore, the MF outside the pipe

passes through the pipe wall again and enters the RFR.

The MF in the RFR that passes through the pipe wall

twice contains the defect information of the pipe wall,

which can be identified and found by the detection coil.

Compared with the excitation signal, the detection signal

in the RFR has a phase lag, which can be obtained from

the one-dimensional skin effect [16]:

(1)

In the above formula,  is the phase lag of the induced

potential, h is the measured wall thickness, f is the detect-

ing the excitation frequency,  is the magnetic perme-

ability of the material of the pipe wall, and  is the

electrical conductivity of the material of the pipe wall. As

can be seen from equation (1), when using RFEC to

detect pipe defects, as long as the phase information of

detection signal is obtained, the thickness information of

pipe wall can be calculated. Then compared with the

normal wall thickness, the measured pipe wall has defects

can be known.

2.2. Mathematical model of RFEC pipeline defect

detection

RFEC is a low-frequency electromagnetic field detection

technology, and the low-frequency can be seen as the

superposition of multiple steady-state [17]. According to

the steady-state Maxwell equations, it can be obtained

that [18]:

(2)

Where H is the MFI, B is the magnetic induction

intensity (MII), D is the electric displacement vector, E is

the electric field intensity,  is the electric current density,

Jc is the applied exciting current density, and Je is the EC

density [19].

According to the MF theory:

(3)

The vector magnetic potential is defined as A, and the

coulomb standard shows that:

(4)

(5)

Substitute equation (4) into equation (2) to obtain:

(6)

Based on irrotationality, electric scalar potential function

 is defined:

(7)

Hence,

(8)

Substituting equations (3), (4), and (8) into Maxwell

equations (2):

(9)

From the isotropy of the material, and according to the

coulomb standard and vector equation, it can be gained

[20]:

(10)

According to Maxwell equations:

(11)

Substitute equation (8) into equation (11) to obtain:

(12)

If displacement current is ignored, then , and 

is isotropic and constant, then:

(13)

Given boundary conditions, A and φ can be obtained by

computing equations (10) and (13). Furthermore, it can be

gained [21]:

(14)

(15)

In the case of no defects, the RFEC model of ferro-

magnetic pipeline presents axial symmetry [22], and the

vector magnetic potential A only has circumferential com-

ponent A, and . In the RFEC, only the current

source Jc exists in the exciting coil, then . The

mathematical model of the RFEC is [23]:

(16)
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From equation (16), A can be solved, and the axial

component of MII Br can be further obtained:

 (17)

The axial component of MII Bz:

(18)

In the cylindrical coordinate system, through the

derivation of the above formula and the definition and

calculation of each parameter, we can master the relation-

ship between a large number of parameters. Where r is

the radial direction of the pipeline, z is the axial direction

of the pipeline, and Aθ is the circumferential component

of the vector magnetic potential on the coil wire. Both

axial component Bz and radial component Br of magnetic

field in the pipeline are closely related to Aθ. The

theoretical basis of RFEC can be clearly understood from

the formula, which lays a firm foundation for subsequent

research.

2.3. Comparison of axial and radial components of

MF in tube

The amplitude and phase of the axial component Bz of

the MII in the pipeline and the component Br of the MII

in the pipeline diameter are simulated and analyzed when

the detection point gradually moves away from the

exciting coil, as shown in Fig. 2.

It can be seen from Fig. 2 that the amplitude and phase

of Bz and Br are consistent with the trend of the detection

point gradually moving away from the exciting coil, and

the difference between the amplitude and phase curves of

the two MF components is also obvious. In Fig. 2(a), the

amplitude of Bz on the axis of the pipe is 8 orders of

magnitude larger than the amplitude of Br. In Fig. 2(c),

the amplitude of Bz near the inner wall of the pipe is 2

orders of magnitude larger than that of Br. In the detection

of EC defects, it is easier to detect the radial component

Bz than the Br detection. Meanwhile, it can be seen in Fig.

2(a) and Fig. 2(c) that if the axial component Bz of the

MFI induced by the detection coil is compared with the

radial component Br, the RFR will be about 0.5 times the

inner diameter of the pipe in advance, which is beneficial

for reducing the length of the RFEC detection probe. In

B
r
 = 

A

z
----------–

B
z
 = 

A

r
------ + 

A

r
----------

Fig. 2. (Color online) Amplitude and Phase Change Curves of Magnetic Induction Intensity Components: (a) Amplitude change on

the axis of the pipe; (b) Phase change on the axis of the pipe; (c) Amplitude change near the inner wall of the pipe; (d) Phase

change near the inner wall of the pipe
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Fig. 2(b) and Fig. 2(d), the phase and amplitude changes

of the two MII components are close to each other.

Compared with the Br phase change curve, the Bz phase

change curve also appears in the RFR about 0.5 times

earlier than the pipe inner diameter. Therefore, the MII

axial component Bz was selected by the detection system

for research.

It can be seen from Fig. 2 that the RFR is also ad-

vanced when the RFEC detection point is located near the

inner wall of the tube, compared with the detection point

on the axis of the tube. In order to analyze this phen-

omenon deeper, the detection points are obtained using

simulation between the axis of the pipe (y = 0 mm), the

axis of the pipe and the inner wall of the pipe (y = 12

mm, y = 24 mm and y = 36 mm) and the inner wall of the

pipe (y = 49 mm). The axial component of the MF

strength Bz gradually drifts away from the amplitude and

phase change curve of the exciting coil as the detection

point, as shown in Fig. 3.

It can be seen from Fig. 3 that the closer the position of

the detection point is to the inner wall of the pipe, the

earlier the amplitude and phase change curves enter the

RFR. Meanwhile, it can be found that when the detection

point moves from the axis of the pipe to the inner wall of

the pipe, the speed of the forward remote field portion of

each curve is different. When the detection point moves

in an equidistant radial direction near the axis of the

pipeline, the remote field advance speed is slower on the

amplitude and phase change curve, while the remote field

advance speed is faster on the amplitude and phase change

curve when the detection point moves in an equidistant

radial direction near the inner wall of the pipeline.

2.4. Influence of medium in tube on MF

The medium of oil and gas collection and transportation

pipeline is mainly a mixture of oil, water and natural gas.

The influence of the presence of these media on the MF

distribution is analyzed here. The conductivity of oil is

Fig. 3. (Color online) Bz amplitude and phase change curves when detection points are located in different radial positions: (a) Bz

amplitude change curve when detection point is at different radial positions; (b) Bz phase change curve when the detection point is

at different radial positions

Fig. 4. (Color online) Comparison of Bz amplitude and phase under different media in the pipe: (a) Bz amplitude contrast curves in

different media; (b) Bz phase contrast curves in different media
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about 100 to 200 microns; the conductivity of common

water is about 600 microns; the conductivity of natural

gas is almost 0 microns. The comparison curve of the

axial component Bz amplitude and phase of the MII in

the pipe in air, oil and water is obtained through simulation,

as shown in Fig. 4.

As can be seen from Fig. 4, when there are three

different media, water, oil and air, respectively, in the

pipe, the amplitude and phase curves of the axial com-

ponent Bz of the MII completely coincide. Therefore, the

presence of oil, water, natural gas and other media in the

pipeline will not have an impact on the detection results.

2.5. Simulation of full-circumference axial symmetry

defect detection

2.5.1. Model establishment and analysis of simula-

tion results

In this paper, the finite element simulation software is

used to carry out simulation experimental research on the

magnetic field distribution of RFEC in the pipe, the axial

and radial components of magnetic field in the pipe, the

magnetic field distribution under the full circumferential

axisymmetric groove defect, the relationship between

defect depth and magnetic field signal, and the relation-

ship between internal and external wall defect signal.

Finite element analysis is carried out in the following

steps: (1) Element subdivision: the object to be solved is

divided into finite geometric elements, and the adjacent

elements are connected by multiple nodes. (2) Element

analysis: piecewise interpolation. The unknown function

of any point in the corresponding partitioning unit is

expanded by the shape function in the partitioning unit

and the function value at the discrete mesh point, and the

linear interpolation function is established. (3) Establish-

ing and solving the approximate variational equation:

According to the energy equation or the weighted residuals

equation, a finite set of algebraic equations with undeter-

mined parameters can be established, and the numerical

solution of the differential equation can be obtained by

solving the discrete equations. (4) Post-processing: Calculate

the derived results according to the specific problems we

need to study.

Using the RFEC detection principle, a finite element

model of the pipeline defect as shown in Fig. 5 is

established. The pipe has an outer diameter of 108mm, an

inner diameter of 98 mm, a defect width of 5mm, and a

depth of 1 mm, 2 mm, 3 mm, and 4 mm. The simulation

results show that the amplitude and phase of Bz gradually

move away from the exciting coil with the detection point

as shown in Fig. 6.

It can be seen from Fig. 6 that when the depth of the

defect is different, the amplitude and phase curve of Bz

change differently. The deeper the defect is, the more

obvious the curve changes. At the 3 times pipe diameter,

the variation is the largest. In Fig. 6(a), the change in Bz

amplitude is around 1014, and it is difficult to accurately

measure the signal, which is likely to cause large errors.

In Fig. 6(b), the variation of the Bz phase curve is

Fig. 5. (Color online) Schematic diagram of defect establish-

ment in the remote field.

Fig. 6. (Color online) Comparison of B
z
 amplitude and phase curves under different depth defects: (a) B

z
 amplitude contrast curve

under different depth defects; (b) B
z
 phase contrast curve under different depth defects
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between several degrees and several tens of degrees, and

the variation range is large, so that it is possible to

distinguish whether there is a defect. Therefore, in the

RFEC testing of pipeline defects, the change of the phase

of the detection signal is more reliable as the main defect

analysis signal, and the signal amplitude change can be

used as the auxiliary analysis signal.

2.5.2. Comparative analysis of internal and external

wall defects simulation

Because of the actual working condition, the defects of

the oil and gas gathering and transportation pipeline may

appear on the inner and outer walls of the pipeline. For

the same parameter defect, the center of the defect is still

3 times the inner diameter of the tube from the exciting

coil, and the depth and width of the defect are 2mm and

5mm respectively. The simulation is carried out for the

defect in the outer wall of the pipe and the inner wall of

the pipe, and a comparison chart of the amplitude and

phase change curve of Bz is obtained, as shown in Fig. 7.

It can be seen from Fig. 7 that when the same defect

exists in both the outer wall of the pipe and the inner wall

of the pipe, the amplitude and phase curves of the axial

component Bz of the MII at the defect are substantially

coincident, and the amount of protrusion change is also

the same. It can be seen that when the RFEC technology

is used to detect the defect of the pipe wall, the sensitivity

of detecting the defects of the outer wall and the inner

wall of the pipe is consistent.

2.6. Simulation with shielded disk

The length of the detection system is required to be

short, because of the large number of bend sections and

small radius of curvature of oil and gas pipelines. How-

ever, the length of the RFEC detection probe is long, and

it is difficult for the probe to pass through the pipeline in

the process of defect detection. Therefore, magnetic

shielding disk is added between the detection coil and the

exciting coil to reduce the length of the detection system.

In the phenomenon of RFEC, there are two energy flow

Fig. 7. (Color online) Comparison of Bz amplitude and phase under inner and outer wall defects: (a) Amplitude contrast of Bz under

inner and outer wall defects; (b) Phase contrast of Bz under inner and outer wall defects

Fig. 8. (Color online) Comparison of B
z
 amplitude and phase curves under the high permeability shielding plate; (a) Comparison of

B
z
 amplitude curves with or without shielding plates; (b) Comparison of B

z
 phase curves with or without shielding plates
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paths from the exciting coil to the detection coil, one is

the direct energy coupling path in the pipe, and the other

is the indirect coupling path from the exciting coil to the

outside of the pipe and then from the outside to the RFR

in the pipe. Shield plate is added near the exciting coil in

the pipe to accelerate the attenuation of MF energy on the

direct coupling path, so that the energy of the indirect

coupling path is faster and stronger than that of the direct

coupling path. In this way, the RFR is advanced, and the

NFR and TR are shortened. The shielding plate is mainly

composed of copper plate, aluminum plate and other high

conductivity materials and silicon steel plate and other

high permeability materials. The amplitude and phase

change curves of Bz after adding the shielding plate are

shown in Fig. 8(a), (b)

As can be seen from Fig. 8, the amplitude and phase

curves of Bz begin to enter the RFR at about 0.5 times the

inner diameter of the tube. Meanwhile, in the newly

formed NFR and TR, the amplitude attenuation is faster

and the phase change is more drastic. Compared with the

amplitude and phase curves of Bz, when there was no

shielding disk, the RFR was approximately 1.5 times the

inner diameter of the pipe after adding a shielding disk

with high permeability near the exciting coil.

3. The Experiment

The block diagram of the pipeline defect detection

system based on remote field EC technology is shown in

Fig. 9. The detection system is mainly composed of the

incentive source of low-frequency sine signal, incentive

signal power amplification, RFEC detection probe, pipe

to be tested, defect signal conditioning and acquisition

module, phase sensitive detection module for processing

signal amplitude and phase, and man-machine interaction

module for detection signal display.

The two most critical parts of the RFEC testing probe

are the exciting coil and the receiving coil. The exciting

coil is placed in coaxial with the pipe, and the receiving

coil is placed in the remote field with a certain distance

from the exciting coil. The receiving coil can be in a form

similar in size to the exciting coil and coaxial with the

pipe, or in a form of small coils arranged circum-

ferentially around the inner wall of the pipe. In this paper,

two types of receiver coils are compared and analyzed.

4. Design of Exciting Coil Parameters

Due to the large diameter and thick wall of the oil and

gas gathering and transportation pipeline, the electro-

magnetic field generated by the exciting coil is weak after

it passes through the pipe wall twice to the remote field.

Therefore, the exciting coil needs to be optimally design-

ed to generate a large excitation MF in a limited design

space. Parameters of the exciting coil are set as follows:

outer diameter of the coil D1 = 86 mm, inner diameter of

the coil d1 = 50 mm, coil thickness h1 = 15 mm, number

of turns of the coil N1 = 350, DC resistance R1 = 6.2Ω,

outer diameter of the skeleton D2 = 90 mm, and inner

diameter of the skeleton d2 = 20 mm.

4.1. Design of receiving coil parameters

When the detection probe passes through a defect, the

receiving coil senses a MF that changes near the defect to

enable the defect detection. The receiving coil is placed in

a RFR at a distance from the exciting coil for sensing the

MF signal of the tube wall information in the RFR. The

receiving coil has a form similar to the exciting coil and

placed coaxially with the pipe to be tested, and also has

an array of small coils arranged circumferentially around

the inner wall of the tube. The large receiving coil, which

is similar in size to the exciting coil and coaxially placed,

has a large volume, a large number of turns and a large

MF range to be sensed. A small receiving coil arranged

circumferentially around the wall of the tube is relatively

small in volume, and the MF range that can be felt is

mainly the small MF at the position of the coil.

When the circumferential defects (especially the circum-

ferential defects) are detected, the output signal amplitude

of the large receiving coil is relatively large. When detect-

ing the small area defect on the pipe wall, the small

receiving coil has higher sensitivity. Since the large

receiving coil recognizes the average situation in which

the defect occupies the entire circumference of the pipe

wall, when the defect is small, the output defect signal of

the large receiving coil will be small.

In this experimental design, the receiving coil was

designed in three different forms. The first type is a formFig. 9. Structure block diagram of the RFEC detection system.
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similar to the size of the exciting coil and placed coaxial-

ly with the pipe; the second type is placed in the form of

a small receiving coil near the inner wall of the pipe, the

central axis of the coil is parallel to the axis of the pipe.

Like the first kind of coil, we can feel the change of the

axial component Bz of the MII in the remote field. Com-

pared with the second type, the third class has the same

coil parameters, but is placed in a form perpendicular to

the central axis of the coil and the axis of the pipe. The

plane of the coil is parallel to the cut surface of the pipe

wall, and we can feel the change of the radial component

Br of the MII in the RFR.

4.2. Comparison of detection capability of three types

of probes

Two kinds of different groove defects were set to carry

out a comparative experiment on the detection ability of

different forms of receiving coils. One is a full-circum-

ference axial symmetric defect, the flaw parameter is 5

mm in axial width and 3 mm in radial depth. One is the

locally oriented groove defect, whose parameters are axial

width 5 mm, circumferential length 20 mm and radial

depth 3 mm, as shown in Fig. 11. 

Three types of different forms of detection probes were

used to detect the two kinds of defects, and the detection

signals were obtained as shown in Fig. 12, and the am-

plitude and phase information of these defect signals were

summarized in Table 2.

It can be seen that different forms of receiving coils

have different detection capabilities for the same defect.

No matter which type of receiving coil is used to detect

the two defects shown in Fig. 12, the ability to detect the

circumferential defects is better than that of the circum-

ferential local defects. In addition, when the defect depth

is consistent, the phase of the detection signal is basically

the same, which indicates that there is a certain relation-

Fig. 10. The form and placement of the detection coil.

Table 1. Three types of coil parameters table.

Outer diameter 

(mm)

Inner diameter 

(mm)

Thickness 

(mm)

Number of 

turns

Resistance

 ()
Placement method

Coil No.1 86 70 10 1700 465
The central axis of the coil is coaxial with 

the central axis of the pipe

Coil No.2 20 12 3.5 1200 125
The central axis of the coil is parallel to 

the central axis of the pipe

Coil No.3 20 12 3.5 1200 125
The center axis of the coil is perpendicular to 

the center axis of the pipe

Fig. 11. (Color online) Defective pipeline: (a) Steel tube with full-circumference axial symmetry defect; (b) Steel tube with local

groove defect groove.
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ship between the defect depth and the signal phase.

It can be seen from Fig. 12 and Table 2 that the first

type of receiving coil is the most sensitive to the full-

circumference defect, and the second type of receiving

coil is the most sensitive to the circumferential local

defect of the tube wall, because the first type of receiving

coil recognizes the average condition of the circum-

ferential wall where the defect occupies the whole. The

second type of receiving coil recognizes the fact that the

defect occupies a small portion of the arc wall. Therefore

it is easier to identify a small defect signal using a small

coil, and the sensitivity and resolution of the circum-

ferential defect are higher. In the case of the above two

defects, the defect detection ability of the third type

receiving coil are inferior to the first type and the second

type of receiving coils. This is because the MF in the

remote field is dominated by the axial direction of the

pipeline, and the disturbance caused by the defect to the

MF is most drastic in the axial MF. After comparison, the

RFEC probe made of the second type of receiving coil

was used in the subsequent experiments.

4.3. Comparison of different types of defect detection

capabilities

In the actual working condition, there are basically no

full-circumferential defects in the defects, and defects are

generally found in the pipeline. In the laboratory test of

pipeline defects, the experimental analysis is carried out

by using groove defects extending in the circumferential

direction, groove defects extending in the direction of the

Fig. 12. (Color online) Contrast diagram of two defect detection signals: (a) Comparison of the detection of the full-circumference

defect signal by different coils; (b) Comparison of the detection of the local circumferential defect signal by different coils

Table 2. Amplitude and phase values of defect detection of receiving coils in different forms.

Full-circumferential axisymmetric groove defect Circumferential local groove defect

Amplitude (mV) Phase (degree) Amplitude (mV) Phase (degree)

the 1st type of receiving coil 6.72 73.82 0.90 74.33

the 2nd type of receiving coil 2.11 75.15 1.36 74.24

the 3rd type of receiving coil 0.78 74.91 0.33 73.53

Fig. 13. (Color online) Three typical types of pipeline defects: (a) Circumferential groove; (b) Axial groove; (c) radial circular hole
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central axis of the pipe, and radial circular hole. The

characteristics of the three types of defects can represent

large partial defects. The pictures of the above three types

of defects processed is shown in Fig. 13.

The defect processing parameters are as follows:

Circumferential groove (CG): axial length 5 mm, circum-

ferential width 20 mm, radial depth 3 mm, defect volume

300 mm3.

Axial groove (AG): axial length 20 mm, circumferential

width 5 mm, radial depth 3 mm, defect volume 300 mm3.

Radial circular hole (RCH): diameter 11 mm, radial

depth 3mm, defect volume 285 mm3.

The detection coil output voltage signal is shown in

Fig. 14, and the input voltage amplitude and phase are

shown in Table 3.

It can be seen from Fig. 14 and Table 3 that the CG

defect signal voltage amplitude is the largest, the RCH

signal is the second, and the AG is the smallest. It is

indicated that in the RFEC detection, the axially extended

defects are the least likely to be detected, and the circum-

ferentially extended defects are easier to detect.

4.4. Signal analysis of defect detection at different

depths

4.4.1. Signal Analysis of CG Depth Change

In the defect detection, defect depth is a crucial

information, which directly determines the remaining life

of the inspected section. For the CG defect shown in Fig.

13(a), three different depths of 3 mm, 2 mm and 1 mm

along the pipeline diameter direction are machined, and

the other parameters of the defect remain unchanged. The

CG with three different depths are detected and the

detection signals are shown in Fig. 15.

As can be seen from Fig. 15, as the radial depth of the

defect becomes smaller, the detection coil output signal

gradually becomes smaller, and the signal as a whole is

deflected. This shows that when the depth of the defect

changes, the amplitude and phase of the corresponding

detection signal change. In order to explain the relation-

ship between the depth of the defect and the amplitude

and phase of the detected signal, the amplitude and phase

of the defect signal in Fig. 13(a) are counted in Table 4.

It can be seen from Table 4 that as the depth of the

defect increases, the amplitude of the detection signal

voltage increases, and the phase of the signal voltage

becomes larger. The depth of the CG defect is propor-

tional to the phase of the detection signal voltage, and the

amplitude of the detection signal has an approximate

exponential relationship with the depth of the defect. The

deeper the defect, the larger the amplitude of the signal

increases.

Fig. 14. (Color online) Comparison of different types of defect

detection signals.

Table 3. Amplitude and Phase of Defect Detection Signals

with Different Shapes.

Amplitude (mV) Phase (degree)

CG 1.36 74.24

AG 0.25 73.93

RCH 0.81 72.71

Fig. 15. (Color online) Contrast chart of CG defect detection

signals in different depths.

Table 4. The amplitude and phase of CG at different depths.

Amplitude (mV) Phase (degree)

3 mm deep CG 1.36 74.24

2 mm deep CG 0.58 52.11

1 mm deep CG 0.27 27.67
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4.4.2. Signal analysis of depth variation of RCH

For the RCH shown in Fig. 13(c), three different depths

of 3 mm, 2 mm and 1mm are machined with the other

parameters unchanged. The flaw detection signals of three

circular holes with different depths are shown in Fig. 16

and Table 5.

As can be seen from Table 5, with the increase of the

defect depth of the circular hole, the corresponding detec-

tion signal voltage amplitude increases, and the signal

voltage phase also gradually increases. Moreover, the

defect depth of the radial circular hole has an approximate

exponential relationship with the voltage amplitude of the

detection signal and an approximate proportional relation-

ship with the phase of the detection signal, which is

similar to the characteristics of the CG defect detection

signal.

5. Conclusion

In this paper, the RFEC technology is used to analyze

the defect detection of oil and gas gathering pipelines.

The principle and mathematical theory of pipeline defect

detection using RFEC technology are analyzed. The

mathematical model of RFEC in pipeline is established,

and the relationship between the output signal voltage of

the detection coil and the MF signal is derived. The

proportional relationship between the depth of the full

circumferential axisymmetric groove defect and the phase

change of the MF signal is simulated. In addition, the

influence of the defects on the MF signal in the form of

the inner and outer walls of the pipeline is also compared,

and the conclusion that the RFEC has the same sensitivity

to the detection of the inner and outer wall defects of the

pipeline is confirmed. The RFEC detection system is

built, and through the comparative experiment of defect

detection of different types of receiving coils, it is con-

cluded that the small receiving coils with the coil center

axis parallel to the pipe axis and placed close to the inner

wall of the pipe are the best form of receiving coils for

MF signals. According to the most representative three

types of defects on the pipe wall, it is found that the

circumferential extension defects are the easiest to be

detected, and the axial extension defects are the most

difficult to be detected. The relationship between the

defect depth and the voltage amplitude and phase of the

detection signal is analyzed. It is found that the defect

depth has an approximate exponential relationship with

the amplitude of the detection signal and an approximate

proportional relationship with the signal phase.

Compared with other methods, this method has higher

reliability and validity in pipeline detection, and has the

same sensitivity in detecting defects on the inner and

outer walls of pipelines. At the same time, there is still a

lot of work to be done in the future: (1) Conventional

eddy current can also be applied to tube wall defect detec-

tion. This paper only studied the relationship between the

signal in the remote field and the defect, but it remains to

be studied whether the signal in the near field similar to

conventional eddy current can also be helpful to defect

detection. (2) During the experimental operation, it was

found that when the running speed of the probe in the

tube was different, the defect signals obtained were different,

which could be studied and analyzed later. (3) In the

experimental operation, it was also found that when the

probe moves in different directions, namely, the excitation

coil is first close to the pipe wall defect and the receiving

coil is first close to the pipe wall defect, the defect signals

obtained were also different. How to identify defects

more effectively is worthy for further study.
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