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The pipeline inspection is a key requirement to maintain structural health and pipeline integrity for oil and
gas transportation over countries. Pipe failure is a critical problem that needs to be endured within the
operational work. The defects or flaws existence on pipeline surface is one of the most leading factors to
pipe failures. A new approach of non-destructive technique is implemented to monitor flaws on pipeline by
using reflection-mode ultrasonic tomography system. This paper details on the hardware development of
ultrasonic tomography system based on reflection mode detection. The system consists of ultrasonic
transceiver sensors mounted circularly and contactless to the pipe surface. The modeling work described
the ultrasonic ring configuration, ultrasonic signal behavior, sensors arrangement and image grid
estimation. The developed instrumentation system is used to detect external and internal flaws on pipe
surface. The results show that the reflection-mode ultrasonic tomography is capable to differentiate flaws
detected based on the calculated depth verified from the distance measured and through the reconstructed
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1.0 INTRODUCTION

Pipeline is the heart of a system for transporting and distributing
products from the source to consumers. Pipelines are the priority
assets for industrial especially for oil and gas industry. It needs to
be maintained and evaluated on a regular basis due to the structural
ageing and failure problems [1]. These pipelines are exposed to a
variety of changing environmental conditions that lead to corrosion
and any damage that can lead to pipe failure. Flaws or defects such
as holiday, pinhole, notches and gouges which existed within the
pipe surface may lead to rapid corrosion occurred on the pipe wall

[2].

Ultrasonic testing is a well-known Non-Destructive
Technique (NDT) used for pipeline inspection due to its advantages
such as low cost, ease of operation and high sensitivity [3]. It has
been used extensively for distance measurement, flaw detection,
gauging and measuring parameters of material structure [4]. It is
important to optimize the inspection methods for effective flaws
detection. Therefore, it is crucial to choose the right tool for flaws
or defects inspected [5]. In NDT, the inspection only provides the
quantitative measurement such as location of defects, size and other
physical characteristics. Hence, an ultrasonic tomography

technique has been introduced recently for pipeline inspection as it
is capable in generating the cross sectional image of the inspected
area circumferentially.

The reflection-mode ultrasonic tomography technique has
upgraded the conventional ultrasonic testing by the combination of
ultrasonic sensoring system, data acquisition system, and image
reconstruction system [6]. It involves with the acquisition of
measurement signals from the ultrasonic sensors located on the
periphery of an object. The outputs obtained from the ultrasonic
sensors are combined to reconstruct the images using appropriate
algorithm [7]. In any ultrasonic tomography methods, the
reconstructed image is based on the interaction between the
ultrasonic waves and medium concerned [8]. An investigation of
gas holdup distribution in a two-phase bubble column has been
implemented by Supardan et al. [9] using ultrasonic computed
tomography. Amount of 12 ultrasonic transmitter and receiver with
2 MHz in frequency are separately arranged non-symmetrically and
used to perform the tomographic data acquisition. Abdul Rahim et
al. [10] had implemented the ultrasonic tomography system for
monitoring the composition of water and oil flow based on the time
propagation of the ultrasonic wave from transmitter to receiver.
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The application of tomography for flaw detection in oil and gas
field is a new technique, which can offer an accurate measurement
with overall view of circumferential pipe image with flaw existence
(pipe thickness profile). The developed system is an alternative to
the current available inspection method in oil and gas industries.
This paper describes the hardware development of ultrasonic
tomography system for monitoring flaws on pipeline surface.

2.0 HARDWARE DEVELOPMENT

The hardware development of the reflection-mode ultrasonic
tomography system consists of ultrasonic sensoring system and
instrumentation setup. The ultrasonic sensoring system is
fabricated based on the mathematical models on ultrasonic
behaviour. The reflection mode for sensing purposes was
implemented for ultrasonic signal detection. The reflection-mode
technique is based on the measurement of the position, and the
change of the physical properties of wave reflected on an interface
[11]. The overall instrumentation system is basically consists of
ultrasonic sensoring system, ultrasonic sensor circuitry, data
acquisition, and image reconstruction system, as shown in Figure
1.

The ultrasonic sensoring system is designed with twenty-eight
transceiver sensors mounting around the pipe at a specific distance
to the pipe. The transceiver sensors are operated by a module
circuitry unit. Theoretically, the reflected energy from the test
specimen will be received back by the ultrasonic sensor, which is
then being converted into a voltage by the receiver circuit and being
amplified into the display unit [12]. The voltages obtained from the
measurement are collected through the data acquisition and being
interpreted to determine the measured distance. Based on the
distance computed, an image of the inspected pipe with flaws
existence is generated.
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Figure 1 Reflection-mode ultrasonic tomography system

The ultrasonic tomographic instrumentation system is
designed based four models, which are modelling on
instrumentation design configuration, ultrasonic signal behavior,
sensor and its arrangement, and image grid.

2.1 Modelling on instrumentation design configuration

Modelling on instrumentation design configuration is significant in
order to setup the overall equipment involved in the system. The
main part of the ultrasonic tomography system is the sensing
system [13]. The ultrasonic signal propagation will detect the
change on pipe surface due to the existence of flaws

circumferentially based on reflection mode. The ultrasonic
sensoring system is shown in Figure 2, which is designed
specifically with the ultrasonic ring transducer array and the pipe
used. A dual element transducer that is known as a transceiver is
used for the sensoring system. The ultrasonic transceiver has an
advantage of two functions, where it has the capability of
functioning as a transmitter at one time and as a receiver at the other
time [14].

The ultrasonic transceiver Model UB300-18GM40-1-V1 with
390 kHz frequencies is chosen due to its specification that match
with the required sensing range (30-300 mm), suitable diameter (18
mm) and acceptable cost compared to other transducer. A fix
distance of 50 mm from the transducer array to the pipe surface is
selected, in order to optimize the number of sensors in the
ultrasonic ring. Based on the model, twenty eight (28) ultrasonic
transceivers are used in the ultrasonic ring to cover circumferential
of the pipe. The ultrasonic ring’s holder or pipe guide is used to
clamp and to guide the ultrasonic sensor ring to move freely along
the pipe. There are two pairs of ring’s arms with 50 mm in distance
to the pipe surface as shown in Figure 2. A carbon steel pipe with
Fusion Bonded Epoxy (FBE) coating and 219.1 mm diameter is
used for inspection. A pipe support of 1000 mm height is used to
hold the pipe in horizontal direction and to provide stability during
experimental work.
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Figure 2 Ultrasonic tomographic sensing configurations

Figure 3 shows the schematic diagram of a complete
ultrasonic sensing ring with twenty eight sensors’ plunger. The
details on measurement and sensor arrangement for this ultrasonic
sensing ring are described under modelling of number of sensor and
its arrangement.
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Figure 3 Ultrasonic sensing ring

2.2 Modelling on ultrasonic signal behaviour

Modelling on ultrasonic signal behaviour is important in
determining the proper sensing mode of ultrasonic wave
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propagation. The ultrasonic energy incident to the target material is
propagated either based on transmission, reflection or attenuation
mode. The ultrasonic propagation energy depends on the acoustic
impedance of two materials, Z. It is important to determine the
percentage of energy reflected from the target material to ensure
that the ultrasonic signal can detect the flaws on the pipe surface
based on the distance of reflected signal. As the difference in
impedance between two materials is greater, the amount of
reflected energy will also be higher [10].

Acoustic impedance is important in the determination of
acoustic transmission and reflection at the boundary of two
materials having different acoustic impedance. Equation (1) shows
the related formula for Z developed by Charles [12] where p is a
material density and V is a material velocity

Z=pxV, 1)

The reflection and transmission coefficient or percentage of energy
incident is introduced as shown in Equations (2) and (3). The
acoustic impedances of medium 1 (air) with Z1 and medium 2 (pipe
coating) with Z».

Reflection, Pr(%) = (%
2 1

)"x100 @)

Transmission, Py(%) = 1-Pr, 3)

The value of acoustic impedance stated by Blitz and Simpson
(1996) for air is 0.0004 kg/m2.s x 108 and FBE coating material is
2.7 kg/mz2.s x 108. Through the calculation using Equation (2) and
Equation (3), the percentage of signal reflected from the surface to
the sensor through air is 99.94 % while the transmitted signal into
the surface is 0.06 %. Therefore, the reflection mode is used as the
ultrasonic sensing mode for the system.

2.3 Modelling on number of sensor and its arrangement

The transducer array or sensor arrangement is crucial for acquiring
the data needed to produce a meaningful image [11]. In designing
the transducer configuration in the sensing system for flaw
detection around the pipe surface, each ultrasonic transceiver
sensor is arranged closely side by side within a specific distance in
the ring shape. The number of sensors and its arrangement are
determined according to area of ultrasonic signal and beam angle
approximation. Based on the testing conducted, the area of
ultrasonic signal covered for each transceiver sensor is
approximately 20 mm by horizontal and vertical positions. The
ultrasonic transceiver sensor is arranged accordingly to the area
with acceptable gaps between the sensors and to avoid overlapping
of ultrasonic signal from each sensor. The arrangement of all
ultrasonic sensors is shown in Figure 4.
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Figure 4 Sensor arrangement in ultrasonic sensing ring

The distance from the ultrasonic sensing ring to the pipe is
within the sensing range of ultrasonic transceiver used, which is 50
mm. The ideal arrangement of sensor based on area of ultrasonic
signal utilized twenty eight (28) of ultrasonic transceiver sensors.
The calculated beam angle is about 22.4°. From the sensor
arrangement, the distance between the sensors is approximately
14.11 mm side by side.

2.4 Modelling on image grid estimation

The purpose of modelling on image grid is to identify the number
of pixels of reconstructed. The image grid depends on the beam
angle of the ultrasonic sensor. By mapping the beam angle
projected on the pipe wall (as shown in Figure 5), the size of image
grid is 20 mm x 20 mm. The schematic diagram of the ultrasonic
signal area covered on the pipe surface for half of ultrasonic sensing
ring is illustrated in Figure 5.
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Figure 5 Mapping of ultrasonic signal area on pipe surface

The size of the image grid is assumed to be the same. The
distance from the sensor to the surface might be increased or
decreased from the normal distance (no-defect).

3.0 EXPERIMENTAL WORK

Several experiments are carried out on detection of external and
internal (loss) flaws on the pipe surface, to verify the capability of
the reflection-mode ultrasonic tomography system. Different sizes
of flaws, which are based on depth, are simulated. Figure 6 shows
the experimental setup.

Figure 6 Experimental setup

For each measurement, the ultrasonic output reading is taken
for three times and the average reading of the detected flaw is
calculated. The output signal is in voltage where the average
voltage is calculated before being converted into distance using the
linear equation obtained from the distance calibration.

3.1 Monitoring external flaw on pipe surface

An experiment on detection of external flaws on the pipe surface is
carried out in order to verify the detection of different external flaw
size based on depth. Figure 7 shows the external flaws simulated
on the pipe surface at four different locations, which are at point 4,
6, 10 and 11 of ultrasonic sensing ring. The measurement started
with the sensor positioned at point 4 and continued with point 6, 10
and finally at point 11 with the same procedures of measurement.

Figure 7 External flaws simulated on the pipe surface

3.2 Monitoring Internal Flaw on Pipe Surface

The experiment is continued with the detection of internal flaws
(material loss) on the pipe surface to determine the depth of internal
flaws, based on the distance measurement. Figure 8 shows the
internal flaws simulated on the pipe surface using grinder.

Figure 8 Internal flaws simulated on the pipe surface

Several flaws have been created on the pipe surface with
difference size at point 1, point 3, point 13 and point 16 of the
ultrasonic sensing ring. The measurement started with the sensor
at point 1 and continued to the point 3, point 13 and point 16.

4.0 RESULTS AND DISCUSSIONS

Both experimental works on monitoring external flaws and internal
flaws (material loss) on pipe surface have been successfully carried
out using the reflection-mode ultrasonic tomography system. The
measurement data are considered and collected for twenty eight
(28) points of ultrasonic sensors located at the ultrasonic ring. The
average output voltage is calculated and used to determine the
distance measured by the ultrasonic signal. The linear equation
obtained from the calibration process is VV = 0.0801D - 2.8064, with
the average accuracy of 99.82% for a sensing range of 40-60 mm.

The high accuracy computed in the distance calibration shows
that the performance of ultrasonic transceiver used in the system is
good [15]. The depth of flaws existence is calculated based on the
calibration equation. An image of overall pipe with flaws existence
is then computed.

4.1 Results on external flaw on pipe surface

The results obtained from the experiment of monitoring external
flaws on pipe surface are tabulated in Table 1.
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Table 1 Experimental data for external flow on pipe surface

Point Actual Average Measured Depth, A
(sensor) Distance Voltage Distance (mm)
(mm) M) (mm)
1 50 1.20 50.0 0.0
2 50 1.20 50.0 0.0
8 50 1.20 50.0 0.0
4 50 1.10 48.7 -1.3
5) 50 1.20 50.0 0.0
6 50 1.05 48.1 -1.9
7 50 1.20 50.0 0.0
8 50 1.20 50.0 0.0
9 50 1.20 50.0 0.0
10 50 1.14 49.3 -0.7
11 50 1.15 49.4 -0.6
12 50 1.20 50.0 0.0
13 50 1.20 50.0 0.0
14 50 1.20 50.0 0.0
15 50 1.20 50.0 0.0
16 50 1.20 50.0 0.0
17 50 1.20 50.0 0.0
18 50 1.20 50.0 0.0
20 50 1.20 50.0 0.0
21 50 1.20 50.0 0.0
22 50 1.20 50.0 0.0
23 50 1.20 50.0 0.0
24 50 1.20 50.0 0.0
25 50 1.20 50.0 0.0
26 50 1.20 50.0 0.0
27 50 1.20 50.0 0.0
28 50 1.20 50.0 0.0

The negative (-) sign showed decreasing of distance from the
sensor to the pipe compared to the actual distance. The reduction
of distance indicated the existence of external flaw on the pipe
surface. It showed that the output voltage is reduced as the distance
is decreased. Based on the result, a reconstructed image of pipe
profile with external flaws existence is generated and shown in
Figure 9.

Rirg's bolder

Figure 9 Reconstructed image of pipe profile with external flaws existence

The reconstructed image visualized the location of external flaw
(yellow line) on the pipe surface, which is at position 4, 6, 10 and

11. It shows that the existence of external flaws on pipe surface
increased the thickness of the pipe.

4.2 Results on internal flaw on pipe surface

Table 2 shows the results obtained from the experiment of
monitoring internal flaws (material loss) on the pipe surface.

Table 2 Experimental data for internal pipe surface

Point Actual Average Measured Depth, A
(sensor) Distance Voltage Distance (mm)
(mm) Y (mm)
1 50 1.35 51.9 1.9
2 50 1.20 50.0 0.0
3 50 1.36 52.0 2.0
4 50 1.20 50.0 0.0
5 50 1.20 50.0 0.0
6 50 1.20 50.0 0.0
7 50 1.20 50.0 0.0
8 50 1.20 50.0 0.0
9 50 1.20 50.0 0.0
10 50 1.20 50.0 0.0
11 50 1.20 50.0 0.0
12 50 1.20 50.0 0.0
13 50 1.37 52.1 21
14 50 1.20 50.0 0.0
15 50 1.20 50.0 0.0
16 50 1.27 50.9 0.9
17 50 1.20 50.0 0.0
18 50 1.20 50.0 0.0
20 50 1.20 50.0 0.0
21 50 1.20 50.0 0.0
22 50 1.20 50.0 0.0
23 50 1.20 50.0 0.0
24 50 1.20 50.0 0.0
25 50 1.20 50.0 0.0
26 50 1.20 50.0 0.0
27 50 1.20 50.0 0.0
28 50 1.20 50.0 0.0

The positive (+) sign shows increasing of distance from the
sensor to the pipe compared to the actual distance, which indicated
the existence of internal flaw on the pipe surface. It shows that the
output voltage is increased as the distance is increased. Based on
the results, a reconstructed image of pipe profile with internal flaws
is generated and shown in Figure 10.

It can be seen that the existence of internal flaws (blue line)
on the pipe surface affects the thickness of pipe wall. These flaws
may reduce the pipe thickness, which can lead to severe damage in
future. The location of internal flaw on the pipe surface can be seen
clearly at position 1, 3, 13 and 16.

Based on the results, it can be concluded that the ultrasonic
detection signals based on reflection mode has successfully
detected different size of flaws. The depth or size of flaws detected
can be up to minimum 0.4 mm, which is the transceiver resolution.
The area of the flaws existed is assumed to be equal to the image
area of ultrasonic signal. The purpose of the reconstructed image is
to visualize the orientation, size and shape of the flaws existence.
The data produced from the experimental work and the
reconstructed image provides useful information of the pipe
condition for maintenance and safety consideration purposes.
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Figure 10 Reconstructed image of pipe profile with internal flaws
existence (material loss).

5.0 CONCLUSION

There is a potential of reflection-mode ultrasonic tomography
system to be applied for pipeline inspection purposes. The
preliminary objective of the research has been achieved. The
fabrication of ultrasonic sensing system is successfully
implemented. The reflection mode has been successfully applied to
detect different flaws on the pipe surface based on distance
measurements. The developed instrumentation system is capable in
monitoring pipe condition for maintaining the pipe integrity and
safety requirement.
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