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Today, natural gas and oil, called main energy sources, are transported by pipelines at long distances. Defects
(corrosion, cracks, dents) in the buried pipelines can cause loss of life, environmental pollution and economic
Crack o loss. Recently, devices called “Pipeline Inspection Gauge (PIG)” are used for non-destructive evaluation (NDE) of
Data acquisition defects in pipelines. In these devices, the magnetic flux leakage (MFL) technique comes into prominence as the
]I;::gvnli\ilz flux leakage inspection method. However, when the literature is examined, a study that examines the speed variable for
Non-destructive testing defect detection has not been found. In this study, two new PIGs which can be used to investigate the speed
Pipelines variable while determining defects in pipelines are designed. For these new designs, a new magnetic mea-

surement system with KMZ51 AMR sensors is developed. The voltage values of the sensors in the measurement
system are saved to the computer by using LabVIEW-based software in sequential order via the NI USB-6210 data
acquisition card. This data is also displayed on LCD screens by using MyRIO 1900. In the article, the mechanics
of the developed system, its electronics and its software are examined in detail. Moreover, the usability of these
new designs in determining pipeline defects are examined through an example experiment result with the Origin

analysis program.

1. Introduction

Pipelines are widely used to transport natural gas and petroleum
products between countries or at long distances [1,2]. In most of these
buried pipelines, external factors such as corrosion pressure or dis-
placement can cause defects [3]. These defects can result in economic
losses, environmental pollution and fatal accidents if they are not de-
tected on time. It is necessary to inspect the pipelines regularly in order
to avoid these problems [4].

Devices called “Pipeline Inspection Gauge (PIG)”, designed in ac-
cordance with non-destructive testing (NDE) techniques, can perform
the inspection without damaging the pipeline. Only one or few of the
several different techniques can be used together in the design of the
PIGs that are used in the pipeline inspection. These techniques are
mainly ultrasonic [5,6], magnetic flux leakage [7-10] and eddy cur-
rents [11]. Also metal magnetic memory [12-14], magnetic Barkhausen
noise [15,16], magneto acoustic emission [17] and magnetic tomo-
graphy [18] methods are used for defect detection. Among these
techniques, which have advantages and disadvantages relative to each
other, the magnetic flux leakage method (MFL) has been considerably
used in the design of PIG in recent years. This method, which is used in
the inspection of ferromagnetic materials, focuses on the detection of
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defects on the magnetized sample by detecting magnetic anomalies in
magnetic flux lines with using magnetic sensors. Parallel to the devel-
opments in magnetic sensor technology, the types of sensors used in the
magnetic flux leakage technique is also considerably increased. In re-
cent years, the crack detection studies which uses the MFL method have
frequently used Giant Magneto Resistive (GMR) [19], Anisotropic
Magneto Resistive (AMR) [7], Giant Magneto Impedance (GMI) [20]
and Magneto Optical (MO) [21] sensors as well as Hall sensors [22,23]
and search coils [24].

In the magnetic flux leakage technique, magnets or coils are used to
magnetize the samples. Two different magnetization types are used in
this PIGs; circumferential magnetization and axial magnetization. Axial
MFL devices that axially magnetize the pipe sample are used to de-
termine circumferential defects. Circumferential MFL (CMFL) devices
which circumferentially magnetize the sample are used in determining
axial defects [25,26]. Also the usage of Pulsed Magnetic Field Leakage
(PMFL) technique is increasing last years [19]. With pulsed MFL, the
probe is driven with a square waveform and the frequency components
can provide information from different depths [27]. Also, PMFL tech-
nique is used for measuring stress in ferromagnetic metals [28].

When the studies that use the MFL method are reviewed in the lit-
erature, it is seen that they are generally focused on different sensor
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Fig. 2. General view of the system.

usage. No study has been found to examine the change in magnetic
sensor output voltages for PIGs with different speeds. For this purpose,
two different PIGs are developed in this study and they can magnetize
the pipeline axially and circumferentially. KMZ 51 AMR sensors are
installed on the developed PIGs. In addition, coils with iron-carbon
alloy cores containing more than 2% carbon are used to magnetize the
pipe sample. The movement of the PIG in the pipe is provided by a
three-phase AC motor with a trigger belt. The AC motor is driven by a
frequency inverter (speed controller) so that the speed of the PIG is
changed.

The developed PIGs are moved in the steel pipes, produced as High
Frequency Welding with a length of 5.25 m. The defected pipe is placed
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Table 1
Technical data of motor and reductor.
Motor
Full Load Starting
Power Rev. per  Current (A) Moment Power Current Moment
kw) minute (Nm) Factor (I/INA) (MA/MN)
(rpm) (cos)
1.50 1440 3.40 9.95 0.77 6.00 2.30
Reductor
Power (kW) Revolutions per minute (rpm)

1.50 106

Fig. 4. Timing belts, gears and ball bearing units.

in the middle of the movement area (Fig. 1).

The programs, which are written by using the LabVIEW program-
ming language, are used to save the data to the computer and display
them on the control panel. The NI USB-6210 data acquisition card and
My-RIO 1900 card are also used in the system. In other parts of the
manuscript, the PIGs and the components and the design of the de-
veloped system are explained in detail.

2. Components and design of the system

A general view of the measuring system, developed within the scope
of the study and used for identifying the defects in pipelines at different
speeds, is given in Fig. 2. The developed system consists of three parts
as mechanical, electronic and software. The sub-systems of the

Reset
Circuit

Bearing

Belt - Gear - Ball

Fig. 3. Schematic representation of system components interactions with each other.
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Fig. 5. View of the control panel.

measurement system and their interactions with each other are given in
the schematic representation in Fig. 3.

In the study, firstly the mechanical system is designed and manu-
factured, then the electronic system is installed into this system. Finally
the data is saved and displayed on a computer with LabVIEW-based
program.

2.1. Mechanical system

The mechanical system consists of the structure on which defects
and non-defective pipe samples are placed, eight fixing plates and three
phase AC motor and reductor, timing belts, gears and ball bearing units,
providing for the movement of the PIGs.

The structure with dimensions of 174 cm X 540 cm, which is the
carrier of the system, is produced by iron profile with the dimensions of
40 mm X 40 mm and 40 mm X 60 mm. The fixing plates are designed
to ensure the pipes, to be used in the experiments, immobilized in the
system (Fig. 2).

The three phase AC motor and the reductor connected to it are the
parts that provide the movement in the system. Technical data of the
motor and the reductor are given in Table 1.

Three T10 type polyurethane steel cord timing belts and 12 alu-
minium gears are used as transmission elements in the system. One of
the belts with 10 mm pitch and 32 mm width is open end and the other
two are endless. 12 ball bearing units are also used for motion trans-
mission in the mechanical system (Fig. 4).

2.2. Electronic system

The electronic system includes PIGs, frequency inverter (speed
controller), magnetic sensors, amplifier circuits, reset circuit for the
magnetic sensor, the NI-USB 6210 data acquisition card, the NI-MyRIO-
1900, encoder, rotation monitoring circuit and LCDs.

Connection cables of the electronic system components are collected
in the control panel. In addition, the inputs of the supply voltages, re-
quired for the system, are located at the right side of the control panel.

Fig. 9. Produced circumferential PIG.

The connection between the power supply and the electronic system is
provided by these inputs (Fig. 5).

2.2.1. PIGs

Two different PIGs are designed for collecting data from the pipe-
line. The movement of the PIGs in the pipe is provided by the timing
belts fixed to the PIGs from both sides.

The first designed PIG aims to determine the circumferential defects
in the pipeline. The first PIG, called Axial PIG, consists of magnetic
sensors, signal amplification circuits, 4 coils with iron-carbon alloy core
(more than 2% carbon ratio) and 6 wheels. PIG is produced by using

Fig. 6. Design of axial PIG and coils with core.
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Fig. 10. (a) Block structure of KMZ51 AMR sensor, (b) The circuit diagram of the KMZ51 AMR sensor.

Fig. 11. Printed circuit boards of the KMZ 51.

non-magnetic castermid and aluminium materials. The technical
drawings of the axial PIG and the core coil at the design phase are given
in Fig. 6.

The iron-carbon alloy core in the PIG is geometrically designed to
axially magnetize the pipe homogeneously. A copper wire with a

diameter of 1 mm is wrapped around the cores and the coils with 1200
springs are produced. The axial PIG on which the magnetic sensors and
signal amplifier circuits are mounted is given in Fig. 7.

The connections between the PIG and the NI-USB 6210 are made by
ribbon cables. The coils of the cores are powered by 0.75 mm diameter
copper cables located on the opposite side of the ribbon cable.

The second PIG is designed to detect axial defects in the pipeline
(Fig. 8).

In this PIG, the pipeline is magnetized circumferentially to de-
termine axial defects in the pipeline. For this purpose, two rectangular
prism-shaped cores which are positioned perpendicular to each other
and whose ends have a suitable geometry with the inner surface of the
pipe are used. By this way, the defects that can be caught under the first
core during the movement of the PIG can be detected by the magnetic
sensors around the second core. 1000 turns are made on each iron-
carbon alloy core using 1 mm diameter copper wire. In the circumfer-
ential PIG, the power lines of the coil and data acquisition lines are
positioned opposite. Six castermid wheels are used for the movement of
the PIG in the pipeline. Other components on the PIG are also made
from castermid and aluminium. The photograph of the finished cir-
cumferential PIG is given in Fig. 9.

V+
7|
= 2| |Over-Voltage INA114
Vin € Protection Feedback
--<
1
/ 25kQ
VWW .
R° MW I
& 25kQ2
O Ref
+ 3] |Over-Voltage
T Shetacit 25kQ 25kQ
4
oip—7 Jv
V-

Fig. 12. Block structure of INA114.
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Fig. 13. Schematic of amplifier circuit.

2.2.2. Magnetic sensors

In the magnetic measurement system, KMZ51 AMR sensors manu-
factured by Philips are used. These sensors, which can measure with
high precision, internally include compensation coil and flip coil. The
KMZ51 has high sensitivity in detecting magnetic fields, a wide oper-
ating temperature range and low sensitivity to mechanical pressures. It
is composed of four thin films connected as a Wheatstone bridge. If
there is no magnetic field (B,), then the outputs, VO+ and VO — give the
same values. However, in the case of magnetic field (B,), the value of
the resistances of the thin films change and a potential difference occurs
between VO+ and VO—. The KMZ 51 has many applications such as
compass, navigation, metal detection and traffic control [29-32].

The block structure of the KMZ 51 sensor and the circuit diagram of
the sensor are shown in Fig. 10a, b.

Measurement 123 (2018) 163-174

The sensitivity of the KMZ51 sensor, which can be supplied with a
voltage between 5V and 8V, is 16 (mV/V)/(kA/m). The printed circuit
boards of the KMZ 51 sensors are shown in Fig. 11.

2.2.3. Frequency inverter (speed controller)

Siemens Sinamics G110 (speed controller) is used for the purpose of
setting the input frequency of the three-phase AC motor which de-
termines the speed of the PIG in the system. The programmable device
allows the frequency of the grid voltage to be changed. By changing the
input frequency of the AC motor, the speed of the PIG connected to the
timing belt and the speed of the AC motor can be adjusted. The output
frequency range of the speed controller is 0-650 Hz and the input fre-
quency range of the speed controller is 47-63 Hz. The device's fre-
quency setting and direction setting buttons are located on the control
panel.

2.2.4. Amplifier circuit
An amplifier circuit is designed to amplify the output signals of the
magnetic sensors by using INA114. The INA114 is a low cost, general
purpose instrumentation amplifier offering excellent accuracy. The
INA114, consisting of three opamp circuits, can amplify signals be-
tween 1 and 10,000 times by using a single external resistor (Fig. 12).
The gain formula for INA114 is given in Eq. (1).

50 kQ
Rc 1)

The sensor output signals are increased 501 times in the developed
amplifier circuit by using the RG = 100 Q resistor between pins 1 and 8
of INA114. Also, each reference pin of the INA114 is grounded
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Fig. 14. Circuit diagram of rotation monitoring circuit.
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Fig. 15. Rotation monitoring circuit.

(Fig. 13). Printed circuit boards, which have 16 amplifier circuits, are
manufactured for each PIG and mounted on them.

2.2.5. Encoder and rotation monitoring circuit

The encoder is mounted on one of the shafts so that the movement
of the PIG can be monitored from the control panel of the system. In
addition, a circuit is developed which shows the angle of rotation of the
encoder. The encoder with a 5-24 V DC supply voltage range produces
1024 pulses per tour. According to the number of pulses, the rotation
angle of the shaft is displayed on the screen. The circuit diagram of the
rotation monitoring circuit, which shows the rotation angle of the shaft,
is given in Fig. 14.

In the circuit, PIC 16F628A microcontroller, 74HC595 shift-register
integrated circuit and CD4013 flip-flop integrated circuit are used
(Fig. 15). The program embedded in the microcontroller is written by
using the C programming language.

2.2.6. Data monitoring screen

A data monitoring screen is created to view the output voltages of
the sensors instantly by using two Pmod CLS LCD, an NI MyRIO-1900
and a multiplexer (Fig. 16).

Fig. 16. Data monitoring screen.
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The NI MyRIO-1900 is a portable and programmable device that can
be used in systems such as control, robotics, and mechatronics. The NI
MyRio-1900, which has analog inputs (Al), analog outputs (AO), digital
inputs and outputs (DIO), power output, and audio input and output
channels, can be connected to the computer via USB or wireless. There
are 8 analog input channels in 0-5 V range and 2 analog input channels
in + 10V range (12 bit, 500 kS/s). In addition, there are 4 analog
channels with output voltage in 0-5 V range and 2 analog channels with
output voltage in = 10V range (12 bit, 345 kS/s). The number of
channels that can be used as digital input and output is 40. The device
has a Xilinx Z-7010 processor and has +3.3V, +5.0V, +15.0V and
—15.0V terminals.

The Pmod CLS LCD, which is used in the circuit, has an Atmel
ATmega48 microprocessor and it has a 16 x 2 character display area.
The 16-channel analog multiplexer allows to switch between the de-
sired channel and the SIG channel according to the logic values entered
at the SO, S1, S2 and S3 terminals.

Voltage values collected with the NI MyRIO-1900 are transferred to
the LCD screen by using the UART protocol. The developed LabVIEW-
based software is embedded into MyRIO to operate as stand-alone for
switching the multiplexer and operating the UART protocol. A protec-
tion circuit has been developed so that if the output voltages of the
sensors are greater than 10V, the voltage will not damage My-RIO. The
circuit diagram of the data monitoring screen is given in Fig. 17.

2.2.7. NI USB-6210

The voltage values obtained from the magnetic sensors are trans-
ferred to the computer environment via the NI USB-6210 data acqui-
sition card after amplification. The USB-6210 multifunction DAQ has
16 analog inputs (16 bit, 250 kS/s), 4 digital inputs and 4 digital out-
puts. In addition, the device has two 32 bit counters. The device has a
maximum analog input range of + 10V and has 91.6 puV sensitivity in
this range.

2.2.8. Reset pulse circuit for magnetic sensors

If the KMZ51 AMR sensor saturates under strong magnetic field
effect, the output voltages of the sensors do not change and remain at a
constant value. In order to overcome this situation, a sensor reset pulse
circuit is designed and the -If pins of the sensors are triggered briefly
(Fig. 18). During the triggering, approximately 1A current flows
through the flip coils of the sensors and the sensors are out of satura-
tion.

2.2.9. Power line

A power line consisting of a variac and a rectifier circuit is devel-
oped to supply current to the magnetizing coils located on the PIGs
(Fig. 19). Four bridge diodes and eight 25 W 10 Q resistors are used in
the rectifier circuit.

2.3. Software

Two LabVIEW-based programs are written for recording and dis-
playing the voltage values of the sensors. These programs are called
data monitoring program and data recording program.

2.3.1. Data monitoring program

The data monitoring program is written with the purpose of dis-
playing the sensor voltage values on the LCD in the control panel. State
machine main structure is used in the program. The voltage values of
the 8 sensors are updated on the display in approximately 50 ms in-
tervals. The flow diagram of the program is given in Fig. 20.

In MyRIO-1900, the analog input is limited by two channels. For
this reason, the sensor voltage values are sequentially displayed on the
LCD by using a multiplexer. The multiplexer's SO, S1, S2 and S3
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2.3.2. Data recording program

The data recording program is written for recording the sensor
voltage values to the computer by using the trigger signals from the
encoder. The flow diagram of the program is given in Fig. 21. When the
speed is changed by using the frequency inverter (speed controller) on
the control panel, the frequency of the pulses generated by the encoder
changes. Depending on this change, the USB-6210 data acquisition card
is triggered at different frequencies and the sensor voltage values are
saved in a file with the extension xls. The block diagram structure of the
data recording program is given in Appendix B.

3. Conclusion and discussion

In this study, two different PIGs which use the flux leakage method
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Fig. 17. Circuit diagram of the data monitoring screen.
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Fig. 18. Reset circuit.

terminals are triggered by My-RIO according to the truth table. Thus,
each sensor is connected respectively to the Z channel, which is the
common channel of the multiplexer. The sensor voltage values that
stored in the memory by using the shift-register structure are displayed

in the inspection of pipelines are designed and produced. In addition, a
new magnetic measurement system is developed to investigate the ef-
fect of the speed variation of the produced PIGS to detect defects. In
previous studies;

—

. The effect of the PIG’s speed in the pipeline was not investigated,
. The KMZ AMR sensor was not used in the non-destructive evalua-
tion of the pipelines,

on the Pmod CLS LCD by using the UART protocol (Appendix A). 3. Magnetic sensors mounted on the PIG were not replaced with dif-
ferent types (brand) of sensors,
10Q,25W
10Q,25W DC
AC output
input
Variac Bridge
Diode

Fig. 19. Circuit diagram of rectifier circuit.
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Fig. 20. Flow diagram of the data monitoring program.
Fig. 21. Flow diagram of the data recording program.

4. Permanent magnets with constant magnetic field were used as

magnetizing source in the magnetization of the pipe. g F Ist Crack ‘ ]
5. The world's magnetic field was not used for energy efficiency in the 7L 2 mm width ]
non-destructive evaluation of the pipelines. 6L ]
5 ]
These deficiencies are eliminated by the measurement system de- 4 * 2nd Cragk *
veloped within the scope of the study. 3r 1 mm width ]
The aim of this article is to explain the developed system in detail. E ? F ]
The experimental results obtained from the system for different PIG 2 ol b
velocities and different AC or DC magnetic field values are planned to S 4L ]
be given in another manuscript. However, in this manuscript, an ex- § 20 n
emplary experimental results are given to demonstrate the usability of 3 .
the system in the inspection of pipelines and its sensitivity of de- -4 r ]
termining the defect. Sr ]
In the example experiments, two artificial circumferential cracks are 3 a3 1
positioned on test pipeline with a 25cm distance. Width of the first gl ! ! ! ]
crack is 1 mm and the second crack is 2 mm. Two of the cracks are open 750 1000 1250 1500 1750 2000
to the outer surface. The sensor voltage values obtained on the inner Distance (mm)

side of the pipes according to the change in the horizontal component of

the earth’s magnetic field are recorded by the magnetic measurement Fig. 22. 20 pts PF filtered sensor output voltages for 7.28 cm/s.
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Fig. 23. 20 pts PF filtered sensor output voltages for 13.32 cm/s.
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Fig. 24. 20 pts PF filtered multiple peak fit applied sensor output voltages for
7.28 cm/s.

system at different speeds of the PIG. The recorded data is noisy so it is
filtered by the PF filter with the Origin analysis program. PF filter
performs smoothing to noisy data. Point of window of the PF filter is
selected 20 and percentile of the filter is selected 50. Then multiple
peak fit is applied to the filtered data. The 20 pts PF filtered sensor
output voltages for the different speed values are given at Figs. 22 and
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Fig. 25. 20 pts PF filtered multiple peak fit applied sensor output voltages for
13.32cm/s.

23. When Figs. 22 and 23 are examined, it is seen that there is a change
in the horizontal component of the Earth's magnetic field in the crack
regions, and the sensor can detect it. The distance between positive
peaks values of the filtered data are 253,713 mm and 257,644 mm,
respectively. Also they are nearly the value of the distance between the
artificial circumferential cracks.

Multiple peak fit applied data is given at Figs. 24 and 25.

When the Figs. 24 and 25 are examined, it is seen that the voltage
signal consists of 4 gauss curves .The distance between the values of the
1st peak centre (blue!) and 3rd (red) peak centre of the gauss curves at
x axis are 259,420 mm and 253,578 mm, respectively.

The Earth's magnetic field is about 10> Tesla and KMZ 51 sensors
are also used in literature to determine the shape of magnetic materials
by using earth’s magnetic field [31,32]. Considering this situation, it
can be said that the developed magnetic measuring system has high
sensitivity in determining defects.

In addition to this, the fact that the researchers working in this area
use a combination of different methods (such as Ultrasonic and MFL)
can gain a different perspective on determining defects. Moreover, the
position of the magnetic sensors on the PIG plays an important role in
the MFL method due to the geometry of the defect in the pipe.
Therefore, by using magnetic simulation programs such as Maxwell,
different studies can be carried out about in which position the sensors
will perform better.
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