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Abstract

Pipeline plays a vital role in transporting fluids like oils, water, and petro-
chemical substances for longer distances. Based on the materials they carry,
prolonged usage may cause the initiation of defects in the pipeline. These de-
fects occur due to the formed salt deposits, chemical reaction happens be-
tween the inner surface and the transferring substance, prevailing environ-
mental conditions, etc. These defects, if not identified earlier may lead to sig-
nificant losses to the industry. In this work, an in-line inspection system uti-
lizes the nondestructive way for analyzing the internal defects in the petro-
chemical pipeline. This system consists of a pipeline inspection robot having
two major units namely the visual inspection unit and the power carrier unit.
The visual inspection unit makes use of a ring-type laser diode and the camera.
The laser diode serves as a light source for capturing good quality images of in-
spection. This unit is controlled by the Arduino in the power carrier unit which
provides the necessary movement throughout the pipe. The inspected images
captured by the camera are further processed with the aid of NI vision assistant
software. After applying the processing function parameters provided by this
software, the defect location can be clearly visualized with high precision.
Three sets of defects are introduced in a Polylactide (PLA) pipe based on its
position and angle along the circumference of the pipe. Further, this robot
system serves as a real-time interactive image synchronization system for ac-
quiring the inspected images. By comparing the actual and calculated defect
size, the error percentage obtained was less than 5%.

Keywords

Pipeline Robotic System, Ring-Type Laser, Vision Assistant, Image Processing,
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1. Introduction

To transport sources such as petroleum products, oil, and water for long-distance
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in a fast manner, pipelines are majorly preferred due to their reliability and du-
rability [1] [2] [3]. These pipelines are easy to construct and also it is more eco-
nomical than any other method of transportation. Since these pipelines carry
highly flammable substances, they can be easily damaged by the outside environ-
ment and other forces which results in the formation of leak holes [4], blockages
[5], corrosion [6], and other damages [7] [8] to the pipeline. These damages will
pave the way for the occurrence of the disaster which is very harmful to man-
kind and its surrounding environment. In recent years, several underground che-
mical pipeline accidents in abroad such as Alabama gasoline disaster in 2016,
Kentucky gas explosion in 2019, and local accidents like Kaohsiung gas explo-
sion in 2014, Xizhi’s oil spill in 2015, and Yunlin Formosa gas explosion in 2019
grabbed the researcher’s attention to focus more on the inspection of pipelines.
Because these accidents are caused majorly by leakage of substances due to the
leak holes in the pipeline. Therefore, these pipelines, if not properly maintained,
are a high risk for the people [9] and also it will lead to major losses [10] to the
industry.

For the inspection of pipeline defects where the direct human activities in ana-
lyzing those defects are low, many research was focused on an optical inspection
system which consists of a Closed-Circuit TV (CCTV) camera fitted on a mobile
platform [11] [12]. Thus the stored images from the videotape are analyzed in
offline conditions by an engineer. The major drawbacks in analyzing the raw
images acquired by the CCTV are 1) poor resolution of the image due to the in-
convenient lighting conditions; 2) higher probability of error during the offline
assessment by humans; 3) unable to clearly visualize the interiors of the pipe. If
the pipelines to be inspected are more, then this approach towards defect detec-
tion is a difficult task and also it will lead to a significant increase in the inspec-
tion costs. The factors which will affect the inspection time of the pipe are an
exorbitant amount of information [13] and the number of defects. Hence, for a
heavily damaged pipe, the time of inspection is much longer than the inspection
of an intact pipe section [14]. Normally small structural imperfections will in-
itiate pipeline damages. The use of CCTV is not advisable for detecting those im-
perfections [15]. In some cases, due to the existent blockages, it is more difficult
to deploy the camera [16].

In order to overcome these drawbacks, an in-line inspection system called the
pipeline robotic inspection system has been proposed in this work. This pipeline
robotic inspection will acquire the images of the pipeline by using the camera via
a stable light source. By processing those acquired images, the defect location
and its properties can be extracted [17] [18] [19] [20]. For acquiring high-quality
images of inspection, a ring-type laser diode is preferred as the light source [21]
[22]. The robot is designed in such a way that it should have continuous move-
ment throughout the pipeline than the walking mechanism in order to reduce the
time consumption of defect detection and if the pipeline profile has some curved

geometries, the continuous movement will provide the optimum solution than
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the walking mechanism and it is also a more reliable method for examining small
defects with high precision.

In this paper, an in-line inspection system utilizing an interactive image syn-
chronization technique has been proposed for identifying the inner defects in
the pipeline. This system is well suited to carry out the inspection when there is
no fluid flow in the pipe. Since it employs a high precision laser diode, this sys-
tem can be recommended in analyzing pipeline that requires a high-quality in-
spection of defects. To generate inspection images, artificial defects were intro-
duced in an eight-inch PLA pipe printed using the 3-D printing technique. With
the help of the NI Vision Assistant software, the robot will continuously acquire
images by using the light source and camera. Thus, the acquired images are pro-
cessed by the processing function parameters in the vision assistant system. As a
result, the defect location, properties such as the size of defects, the error per-

centages were tabulated and compared with the actual defect dimensions.

2. Fault Detection Methodology

2.1. Camera-Based Laser Profiler

For ring-type laser diode, an intensity-based optical inspection system was pre-
ferred for the inspection of the defect. As represented in Figure 1(a), the robot is
designed in such a way that it consists of two major slots for holding the light
source and camera. For this light source, a red-emitting laser diode with a wave-
length of 650 nm, working voltage of DC 2.5 - 5 V and the power of 0.5 W is used.
On the other hand, to acquire the images of inspection, the camera (SJ4000) with
the resolution of 2 MP is directly connected to the computer via the USB cable

Laser diode

Spring
suspension

()

Figure 1. (a) Schematic representation of laser profiler; (b) Prototype of pipeline robot.
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to achieve a real-time interactive image synchronization. The robot is connected
with the personal computer (PC) and by using the NI Vision Assistant system,
for each movement the images are acquired and processed using the PC. In the
case of corroded pipelines, due to the presence of uneven surfaces along the pipe-
line, there may be chances for the misalignment of the center axis of the camera
[23]. To overcome this, a spring suspension system is coupled with the support-
ing wheels that are mounted on the internal surface of the pipe as shown in Fig-
ure 1(b).

2.2. Optical Path

The optical path is defined as the path traveled by the light from the laser diode
to the pipe wall and back to the camera. In general, the laser light is aligned in
such a way that it is coincident with the center axis of the pipe. As in Figure
1(a), the distance between the laser source to the pipe wall (Z) and the laser ring
illuminated area (A) is obtained by using Equations (1) and (2).

LR (1)

tan (0’1)
2

A=R L N (2)

tan (%—azj tan| &
2 2

where R is the pipe radius, a; and a, are the projection angles. The @ and a, are

responsible for defining the distance (Z) and width of the laser ring projected on
the pipe wall. By increasing the a,, the illuminated area (A) also increases accor-
dingly [24]. The above equations are suitable for the ideal case. In some cases,
when the laser light is slanted, the center axis of the pipe is not coincident with
the laser diode. Due to this misalignment, the circular laser ring can be changed

to an oblique shape. Equations (3) and (4) defines the upper and lower bounds
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where (x, y») represents the coordinates of the laser light position after misa-
lignment and @is the angle of misalignment with respect to the center axis [25]
[26]. In our setup, there is no coincidence between the pipe center axis and the
laser. At the same time, the laser diode is not slanted but the laser diode and the
pipe center axis are very close to each other. An adaptive design combined with

the respective optics will pave the way for the best inspection results [24].
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2.3. Image Processing Stages

With the help of LabVIEW NI Vision Assistant software, the acquired images
are processed by various processing function parameters (Figures 2(a)-(e)) as
follows. First, the acquired raw image is masked for the defined Region of Inter-
est (ROI) for eliminating the unwanted areas in the acquired image. After mask-
ing, all the particles in the defined ROI are highlighted using the RGB threshold
function. In addition, for obtaining the desired ring profile, the thresholded im-
age is processed using the advanced morphology function and to obtain the smooth
edges of the ring profile, the basic morphology function is used. Finally, by using
the contour analysis function, defect information such as the size and depth of

defects can be obtained.

3. Experimentation

3.1. Design of Pipeline Robot

The frame of the robotic system is fabricated using 3D printing technology. PLA
is preferred as the most suitable filament for the 3D printing process [27]. Be-
cause it exhibits good mechanical properties which are more efficient during the
Fused Deposition Modeling (FDM) process than any other polymer [28] [29]
[30]. With the help of Pro/E software, the frame is built according to the dimen-
sions along with the suspension system. The entire robot body is divided into
two units. The first unit namely the visual inspection unit consists of the slots for
holding the light source and camera. It is connected to the second unit called the
power carrier unit via a universal joint. The power carrier unit provides the ne-
cessary power for the movement of the robot. It consists of an Arduino UNO,
programmed using Sketch software. This program controls the DC motor via the
L298N motor control board which provides the axial movement of the robot
throughout the pipe. In addition, a rotary encoder (HTR-34-360A-V) is also used

(2) ()

Figure 2. Stages of image processing of inspected image: (a) Acquired raw image; (b)
Image masking; (c) Color threshold; (d) Advanced morphology; (e) Basic morphology.
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in the power carrier unit to record the moving distance of the carrier in the pipe-
line. Both units have the spring suspension system and supporting rollers to avoid
the misalignment of the devices with the center axis and to provide free move-
ment during the inspection.

Figure 1(b) shows the prototype model of the proposed robot system. It
moves axially into the pipeline along with the detecting unit. The light source is
projected onto the inner surface by the ring-type laser, allowing for the clear
identification of defects. Raw images were captured in the inspection zone con-
sisting of the defect and non-defect areas. Thus, the captured image was pro-
cessed with the aid of the NI vision assistant system to identify the defect loca-

tion.

3.2. Types of Defects

Three sets of defects were introduced in an 8-inch diameter PLA pipe as shown
in Figure 3. For analyzing the defect characteristics, the PLA pipe is preferred as
a substitute for the petrochemical pipeline because it is more convenient to in-
troduce a variety of defects with different parameters and it can be easily fabri-
cated using a 3D printer. The first set consists of an 8 mm diameter hole of var-
ious depths as 1, 2 and 4 mm (Figure 3(a)). The second set consists of 5, 7.5 and
10 mm diameter holes of varying depths as 3, 5 and 7 mm as in Figure 3(b). The
third set of defects is entirely based on the sources of transportation in the pipe-
line. If the pipeline transports some chemical substances like petroleum prod-
ucts, after long-term usage there will be a formation of sediment residues in the
pipeline. These residues will cause the pipeline wall to rupture due to corrosion.
In order to detect these types of sediment residues, three squared sediments of
varying sizes with different heights were created in the pipe. Each squared sedi-
ment is located at a certain angle to the other squared sediment as shown in Fig-
ure 3(c).

4. Results and Discussion
The inner surface of the pipe is irradiated using the ring-type laser. The defects

@8 mm

@5 mm
@7.5 mm
@ 10 mm,

(a)

(b) ©)

Figure 3. Types of defects: (a) 8 mm diameter hole at 1, 2 and 4 mm depth; (b) 5, 7.5 and 10 mm
diameter at 3, 5 and 7 mm depth; (c) Squared sediments of size 6, 9 and 12 mm at 1.5, 2.5 and 3.5
mm height.
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can be easily identified by the changes in the intensity level along the laser ring.
In case of small defects (cracks), there will be an increase in the intensity level
(bright) at the edges of the defect and for holes, we can observe two forms of in-
tensity changes, an increase in the intensity at the edges of the defect and a drop
in intensity at the inside of the defect [26].

For analyzing each set of defects and its characteristics, the NI Vision Assis-
tant software is used for acquiring and processing the images. This software con-
sists of predefined processing function parameters which are very helpful in ex-
tracting the defect characteristics. In this, the counter analysis function will pro-
vide the distance from counter to template plot which describes the defect. The
x-axis in this plot will represent the number of pixels along the circumference of
the pipe and the y-axis represents the halo offset distance from the counter to
the template.

After processing the acquired images, there will be a drop in intensity in the
defect portion when compared with the non-defect portion as in Figure 4(b). To
compute the size of the defect, the number of pixels in the defect portion needs
to be calculated. In an image, each pixel is represented by its coordinates. If we
find the start and end coordinates of the pixel in the defect portion [31], the

number of pixels in the defect portion can be calculated by using Equation (5).

Number of pixels in the defect portion = \/(xz %) (Y, - ) (5)

where (x, y1) and (x, y») represent the pixel coordinates at the start and end of
the defect.

4.1. Calculation of Pixel Resolution

In an image, the resolution is defined as the number of pixels that the image
consists of and it also provides the extent of details that can be extracted from an
image. Thus, the image resolution and the physical dimensions of the image can
be related to determine the quantity of space that each pixel will represent in the
image. Equations (6) and (7) are used to calculate the space contributed by each
pixel in an image [32]. The pixel can be represented using the pixel width (2,)
and pixel height (2).
I

Pixel width (P, ) ZTW (6)
Pixel height(Ph):I—h (7)
r

where 7, and I, are the image width and height, cand rrepresent the number of
pixels in columns and rows of an image. Here, the acquired image consists of
1920 pixels in columns and 1080 pixels in rows, /,, and 7, values are 282 mm and
159 mm respectively. So, the calculated pixel width and pixel height values are
0.1469 and 0.1472 mm/pixel. These sets of values can be used as the conversion
parameter for calculating the defect size because, from NI Vision Assistant, the

defect size is represented in pixels.
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4.2. Fixed Diameter Holes in Various Depths

In the first set, the defects are analyzed based on their position along the cir-
cumference of the pipe. For the defect of an 8 mm diameter hole, the required
laser ring profiles were obtained (Figure 4(a)) after processing the acquired im-
age with the aid of processing function parameters provided by the NI Vision
Assistant software. From the laser ring profile (Figure 4(b)), the defect can be
easily visualized because at the defect portion there will be a drop in intensity
level than the non-defect portion. For an 8 mm diameter hole of 1 and 2 mm
depth, the necessary laser ring profile was detailed in Appendix A. By applying
the centroid and caliper function in vision assistant software, the angle of the
defect with respect to the circumference of the pipe is displayed in a clockwise
manner as in Figure 4(b).

The counter analysis function plays a significant role in calculating the num-
ber of pixels in the defect portion. This function provides the distance from
counter to template plot which is obtained by comparing the counters. The pixel
coordinates at the start and end of the defect portion are extracted from the
x-axis of this plot (Figure 5) and the number of pixels in the defect portion is
calculated using Equation (5). This pixel can be represented in mm by multiply-
ing with the calculated pixel width. As a result, the size of the defect in mm can
be obtained.

The peaks in this plot will represent the halo offset distance (depth of defect)
in pixels. From Figures 5(a)-(c), we observe that the peak is slightly increased
when the depth of defect is also increased. Since our robot moves in an axial di-

rection throughout the pipe, the camera is unable to capture the actual depth of

(2) (©

(@)

Figure 4. For the first set: (a) Laser ring profile of acquired image for 8 mm diameter hole
with 4 mm depth; (b) Processed image representing the defect and non-defect portion.
The brown circle defines the non-defect region and the yellow circle defines the defect re-
gion with a drop in intensity level. The defect is located at an angle of 276.6° from the ho-
rizontal axis. For the second set; (c) Laser ring profile of acquired image for 10 mm di-
ameter hole with 7 mm depth; (d) Processed image. The defect is located at an angle of
288.2° from the horizontal axis.
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w
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the defect. Due to this, the obtained peak value which defines the depth of defect
is not considered for calculating the actual defect depth. Hence, our research is
focused on the calculation of the size of the defect than the depth.

Table 1 shows that for an 8 mm diameter hole of varying depths, the pixels in

the defect portion are calculated and converted to their respective size in mm

and by using the error formula, the error percentage was computed. From the

table, by comparing the actual defect and calculated defect values, our robot sys-

tem provides a very less percentage of error (less than 5%).

4.3. Different Diameter Holes of Varying Depths

In the second set, three holes of diameter of 5, 7.5, and 10 mm of varying depths
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Figure 5. Distance from counter to template plot for 8 mm diameter hole at, (a) 1 mm depth; (b) 2 mm depth; (c) 4 mm

depth.

Table 1. Percentage of error for fixed diameter holes in various depths.

Actual size No. of pixels in defect portion Measured size (mm) % of Error
@ 8 mm, 1 mm depth 52.1 7.7 3.8
@ 8 mm, 2 mm depth 53.1 7.8 2.5
@ 8 mm, 4 mm depth 54.0 7.9 1.3
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w
o

along the circumference of the pipe were introduced and the defect analysis is
carried out as same as the first set. The laser ring profile (Figure 4(d)), the pixels
in the defect portion and the error percentage are calculated and tabulated in
Table 2.

From Figure 6, it can be inferred that when the defect size (hole diameter) is
increased, the number of pixels in the defect portion is also increased due to the
increase in the intense area (Appendix B) occupied by the defect. Table 2 shows
that for different diameter holes, the calculated number of pixels in the defect
portion is also increased and thus the obtained pixels are converted to their re-
spective size by multiplying with the pixel width and the error percentage was

computed. In the second set also, the error percentage was less than 5%.
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Figure 6. Distance from counter to template plot for, (a) 5 mm diameter hole at 3 mm depth; (b) 7.5 mm diameter hole at 5
mm depth; (c) 10 mm diameter hole at 7 mm depth.

Table 2. Percentage of error for different diameter holes of varying depths.

Actual size No. of pixels in defect portion Measured size (mm) % of Error
@ 5 mm, 3 mm depth 35.1 5.2 4.0
@ 7.5 mm, 5 mm depth 49.4 7.3 2.7
@ 10 mm, 7 mm depth 66.4 9.8 2.0
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4.4. Sediment Residues

The third set of defects represents the sediment residues formed due to the trans-
portation of chemical substances. Three squared sediments were created in dif-
ferent sizes of varying height and those sediments were analyzed in the same way
as the first set. In the case of sediments, the defect portion occurs inside of the
ellipse (Figure 7(b)) which ensures that our robot system can also measure the
height of sediments. Because during the axial movement, the robot can detect the
sediment size along with the height.

After using the counter analysis function, the distance from counter to tem-
plate plot was obtained for the sediments as shown in Figure 7(c). From the x-
axis of this plot, it is observed that the number of pixels in the sediment portion
increases with an increase in the sediment size which is due to the increase in the
intense area occupied by the sediment. The peaks in this plot also increases with
an increase in sediment’s height. The respective angle between each sediment is
also checked with the existing angle with the help of the caliper function as shown
in Figure 7(b). By using P, and P, values, the sediment size, height, and error

percentage were calculated and presented in Table 3.

~
(]
N~
N
[
1

——012, 9.6 mm, height 3.5, 2.5, 1.5 mm

N
(=]
1

(b)

154

Halo offset distance (Pixels)

0 500 1000 1500 2000 2500

Circumference of ellipse (Pixels)

Figure 7. (a) Laser ring profile of squared sediments (acquired image); (b) Processed image after applying cali-
per function for locating angle of defect; (c) Distance from counter to template plot of squared sediments.

Table 3. Percentage of error for squared sediments.

Actual size No. of pixels in  Measured size % of Error Sediment height Measured height % of

(Squared sediments) defect portion (mm) (Pixels) (mm) Error
0 6 mm, 1.5 mm height 42.1 6.1 1.6 10.5 1.54 2.7
09 mm, 2.5 mm height 60.1 8.8 2.2 16.7 2.46 1.6
0 12 mm, 3.5 mm height 80.5 11.8 1.6 23.2 3.42 2.3
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5. Conclusion

This paper aims to overcome the drawbacks of the raw CCTV footage used for
the inspection of pipelines. By using the ring-type laser inline inspection system,
we will be able to clearly visualize the interiors of the pipe and the obtained im-
ages have better resolution due to the use of laser as a light source. This robot
system serves as a real-time interactive image synchronization system for acquir-
ing the inspected images. The processing function parameters provided by the
NI Vision Assistant software process the acquired image for calculating the num-
ber of pixels in the defect portion. Three sets of defects were analyzed and as a
result, this system can accurately measure the size of the defect and in the case of
sediment residues, it can measure both the size and height of sediments. Thus, in

all sets of defects, the error percentage obtained was less than 5%.
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Appendix

Appendix A. Laser Ring Profile of Fixed Diameter Holes in Various
Depths

| |

Figure Al. For first set: (a), (c) Laser ring profile of acquired raw image for 8 mm di-
ameter hole with 1 and 2 mm depth. (b), (d) Processed image after applying processing
function parameters for determining the defect where yellow ring represents the defect

position.

Appendix B. Laser Ring Profile of Different Diameter Holes
of Varying Depths

(@) ©

Figure B1. For second set: (a), (c) Laser ring profile of acquired raw image for 5 and 7.5
mm diameter hole with 3 and 5 mm depth. (b), (d) Processed image after applying processing
function parameters for determining the defect.

DOI: 10.4236/wjet.2021.93041

603 World Journal of Engineering and Technology


https://doi.org/10.4236/wjet.2021.93041

	In-Line Inspection of Pipeline Defects Detection Using Ring-Type Laser
	Abstract
	Keywords
	1. Introduction
	2. Fault Detection Methodology
	2.1. Camera-Based Laser Profiler
	2.2. Optical Path
	2.3. Image Processing Stages

	3. Experimentation
	3.1. Design of Pipeline Robot
	3.2. Types of Defects

	4. Results and Discussion
	4.1. Calculation of Pixel Resolution
	4.2. Fixed Diameter Holes in Various Depths
	4.3. Different Diameter Holes of Varying Depths
	4.4. Sediment Residues

	5. Conclusion
	Acknowledgements
	Conflicts of Interest
	References
	Appendix
	Appendix A. Laser Ring Profile of Fixed Diameter Holes in Various Depths
	Appendix B. Laser Ring Profile of Different Diameter Holes of Varying Depths


