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Abstract

One of the major concerns of pipe equipment used for oil, gas and nuclear power generation, is their failure due to
corrosion and abrasion of their inner walls. However, current methods have some problems detecting the inner wall of
long and deep pipes, which has become an urgent safety problem. In this paper, we have designed and tested a suitable
scanning and imaging method that offers high quality imaging, high efficiency and low cost. We applied the technique
on remanufactured ceramic-lined steel composite pipe parts using a 4-module visualization nondestructive testing
device. Digital signal and imaging algorithms were employed to superimpose multi-interface images to reconstruct
3D models of tested pipes with defects. Our findings suggest that ultrasonic scanning technique is feasible to analyze
inner wall damages. The newly-designed hardware and software system shows efficiency and effectivity in the testing
experiments on specimens with artificial markers and defects.

Keywords Inhomogeneous multi-layered pipes - Ultrasonic nondestructive testing (UT) - Signal processing algorithm -

Image superposition

1 Introduction

Long and deep pipes (the aspect ratio > 10) with thermal
and mechanical properties are playing a significant role in
a variety of fields including oil and gas exploration, nuclear
power generation, etc. Their widespread applicability
and large consumption have resulted in huge quantities
of metal scraps. In recent years, a reliable remanufactur-
ing method has been applied on discarded oil pipes. The
method is basically to synthesize a ceramic coating on the
inner wall via self-propagation high-temperature synthesis
(SHS) technology to abtain anti-corrosion and wear-resist-
ance properties, thus turning the waste into new products.

In oil industry, it is usually difficult to produce and
inspect composite pipes with a high aspect ratio. For
example, a specified oil extraction pipe is 9.6 m in length,
while its external diameter is only 73 mm, which makes the

aspect ratio more than 100. Therefore, inner wall inspec-
tion has become an obstacle in both industrial production
and actual service.

The remanufacturing industry is still developing. At pre-
sent, there are two main NDT methods used in remanufac-
turing production processes of deep and long composite
pipe parts, i.e., the magnetic flux leakage method and the
manual endoscope inspection method. Before remanufac-
turing processes, the former can be used to select waste
steel tubes of which the residual thickness is within an
accepted range in spite of corrosion-induced reduction
of the wall. Those meeting the thickness requirement will
be considered for subsequent remanufacturing processes.
However, a main limitation of this method is that it is more
sensitive to surface and near surface defects rather than
interior ones. After the remanufacturing process, workers
can perform manually the endoscopic detection to inspect
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the inner wall of the remanufactured deep hole with
naked eyes, which is time-consuming and resource-wast-
ing. Besides the remanufacturing industry, internal rotat-
ing inspection systems (IRIS) with an immersion ultrasonic
probe or an underground camera have been developed to
get higher accuracy and efficiency for pipe inspection in
many application fields. The wide range of tested material
types and pipe diameters makes IRIS a promising method
of inspecting long and deep composite pipes. However,
the limitation exists in the situation where testing facili-
ties hardly have access to the inside of the pipes. Phased
array ultrasonic testing (PAUT) is a high-efficiency method
which is also a prospective candidate for different mate-
rial types especially for tested objects with complicated
geometries, while the imaging still requires improvement
of visualization.

Many researchers have successfully employed ultra-
sonic C-scan methods on multi-layered materials. The
research group of Skjelvareid et al. [1, 2] used an exterior
rotating transducer instead of an interior one on small
diameter pipes. They have been working on the synthetic
aperture focusing technique (SAFT) for immersion test-
ing of the water-PMMA-AI structure and simulations of
cylindrical objects with multiple homogeneous layers.
Kolkoori et al. [3] evaluated ultrasonic C-scan images
quantitatively in homogeneous layered materials using a
3D ray tracing model. lyer et al. [4] conducted A-, B- and
C-scan on concrete pipes and captured images of differ-
ent kinds of defects. Yang et al. [5] presented an efficient
motion trajectory method for ultrasonic image recon-
struction. Based on that, Cui et al. [6] developed a novel
scan-conversion algorithm of line segment which further
accelerated the accurate calculation of point of incidence
(PQOI) in a double-layer object. These studies mainly use
water immersion coupling method requiring a large water
tank to immerse test objects, which limits the application
possibilities. Meanwhile, the material in each layer of the
studied objects is homogeneous. It follows that materials
with multiple inhomogeneous layers in service are rarely
examined with ultrasonic scanning methods and there are
few effective means of onsite monitoring for them, con-
sidering characteristics of the actual service environment.

Our research focuses on eliminating limitations on both
materials and detecting processes. An ultrasonic visualiza-
tion NDT system is developed for pipes of a high aspect
ratio, which has the potential to be applied in many occa-
sions and to solve the aforesaid problems. Instead of test-
ing from inside the pipe where it is not always accessible
for testing facilities, the newly designed system realizes
testing from outside the pipe. This enables in-service pipe-
line to be inspected on site. We also avoid using cumber-
some water immersion containers in the whole inspec-
tion system. The mechanical module with rotating units
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Fig. 1 A schematic of the experimental setup
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Fig.2 The design sketch of the experimental setup

makes it easier to move automatically around the outer
surface of the tested pipes, Pipe parts with an inhomoge-
neous ceramic layer resulting from the centrifugal effect
during the manufacturing process are taken as the main
study object. Signal processing and imaging algorithms
containing image superposition method produce institu-
tive reconstructed 3D images of defective multi-layered
objects. By introducing new designing concepts of both
hardware and software for composite pipe inspection, the
new system raises the accuracy and practicability in test-
ing processes, which is expected to provide theoretical
basis and technical support for the quality control proce-
dure of pipe products.

2 Experiments
2.1 Experimental setup

A schematic of the proposed experimental setup is shown
in Fig. 1, with a design sketch in Fig. 2 and a photo of the
real setup in Fig. 3. It is composed of four modules, namely
the ultrasonic measurement module, the mechanical
motion module, the electrical control module and the
coupling/auxiliary module.

The ultrasonic measurement module is used for data
collection, image processing and quantitative analysis. Dif-
ferent from traditional imaging method, data at multiple
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Fig.3 A photo of the real device

interfaces are superimposed. That means, two C-scan
images are generated at the interfaces, namely the echo
wave of the metal-ceramic joint and the echo wave of the
ceramic layer respectively. The two images are superim-
posed so that the defects at the metal-ceramic interface
and the ceramic layer are displayed on one C-scan image
at the same time.

Data acquisition is completed jointly by the ultrasonic
transmission/reception device and the synchronous/servo
motor. An ultrasonic pulse transmission/reception device
is adopted, which contains a high-speed A/D (80 MHz)
converter [7]. Ultrasonic data are acquired by the pulse-
echo method, using the square wave with an amplitude
of 230V and a duty cycle of 50%. A flat single crystal trans-
ducer for water immersion is employed, with a diameter of
0.5 in. and a resonance frequency of 5 Hz. The pulse dura-
tion (PD) is adjusted to the half of the TOF (time-of-flight)
according to the following formula [8, 91:

MATLAB functions of signal processing algorithms includ-
ing surface interplating fitting, image superposition and
area proportion calculation, etc., thus to make further
qualitative and quantitative characterization of defects,
including parameters of the defect size, depth, shape and
distribution.

The mechanical motion module includes scanning
device, transducer and its clamping device, as well as
magnetic adsorption device. The scanning resolution
accuracy can be adjusted to realize 3D imaging. The reso-
lution accuracy is theoretically 0.5 x 0.5 mm, which means
the actual detected diameter of the device can be slightly
larger than 0.5 mm considering some errors. The traction
device uses a large torque stepper motor and magnetic
driving wheels driven by it. The surface of the magnetic
wheels is coated with skidproof rubber to provide enough
adhesion force for rotating adsorption, which enables the
device to be adsorbed on the pipe and to fulfil rotating
walking measurement. The transducer clamping device
is fixed on the linear module and moves synchronously
with the synchronous belt in the module. A cardan joint-
type transducer holder and a protective steel sleeve are
adopted. Through the joint action of the coupling device
and the spring mechanism, the transducer orientation can
be automatically adjusted, so that the transducer always
contacts the outer wall of the pipe along the normal direc-
tion and keeps the direction of the sound beam always
perpendicular to the inspected tangent plane of the pipe
surface. The transducer clamping device has three mov-
ing parts. A water film within a setting range of 25 mm
in thickness is reserved to keep the transducer away
from the workpiece and to protect the transducer from
damaging when an uneven surface is encountered. The
clamping adjustment device can adjust the angle of the
transducer adaptively for any diameter within the range
of 73-140 mm. A cavity is formed when water is added to
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where d is the aggregate thickness of the composite pipe
wall. d;, d,, d;, dy and ¢y, ¢, ¢3, ¢4 are the thicknesses and
longitudinal sound velocities respectively of the four layers
from the outer to the inner.

After the industrial personal computer (IPC) collects
ultrasound data, wavelet and threshold functions are
applied for noise reduction and image segmentation.
After denoising and defect feature extraction, ultrasonic
echo signal reconstruction images can be acquired by

ensure the transducer and the workpiece completely filled
with water and to guarantee scanning accuracy.

The aforesaid signal processing and imaging algorithms
were integrated into a software. The designed graphical
user interface (GUI) is shown in Fig. 4. The software for visu-
alization analysis of ultrasonic detection was developed
in MATLARB. It can realize the analysis of ultrasonic detec-
tion signal and the reconstruction of the pore structure
of the high-temperature self-propagating coating on the
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Fig.4 The software GUI display of a pipe specimen

inner wall of parts, and quantitatively measure a series of
characteristic parameters such as porosity, pore quantity,
volume and area, morphology, spatial distribution, and
specific surface area of the coating.

2.2 Materials and the test object

In this research, we consider a ceramic-lined steel com-
posite pipe as the tested object of the typical inhomoge-
neous multi-layered pipe. The preparation mechanism of
this kind of pipe is the thermit reaction [10, 11]. Finally, the
structural composition is shown in Fig. 5.

The ceramic-lined steel composite pipe with an exter-
nal diameter of 73.02 mm and its pre-remanufactured
steel-matrix pipe are most commonly used in oil and gas
industry. The real products of this specification are shown
in Fig. 6. The dimensions of the most commonly used
ceramic-lined steel composite pipes are listed in Table 1
[12].

To detect the deep inner hole of remanufactured pipe
parts, artificial defects should be preproduced on the inner
wall. At present, there is limited relevant work on alumina

Al,O5 ceramic layer
Metal ceramic layer
Fe transition layer
Steel layer

Fig.5 A diagram of the structural composition of ceramic-lined
steel composite pipe

SN Applied Sciences

A SPRINGERNATURE journal

Fig.6 A real product of ceramic-lined steel composite pipe

ceramic materials available for reference. For layered pipe
pieces, the main difficulties are as follows:

1. The characteristics of the ceramic coating including
high hardness, brittleness, electrical insulation and
non-ferromagnetism make traditional processing
methods hard to implement and likely to damage the
lining layer of the inner wall.

2. The inner hole is too deep for the processing equip-
ment to reach.

3. UT requires that the artificial pore defects should be
approximately flat-bottom to reduce diffuse reflection
of acoustic waves at the location of round angles and
the arc of the bottom surface which will weaken the
signal.

Thus, it is difficult to fulfil the preproduction work via
general grinding and other processing methods. Hanon
et al. [13] and Kacar et al. [14] used Nd:YAG pulsed laser
for micromachining plate ceramic materials. In our work,
laser cutting technology was also used to cut pipe parts
along the axial section after the remanufacturing of
500 mm in length, and laser drilling technology was used
to process the hole defects in its inner wall. The equip-
ment used was Han's Laser G4020F Optical Fiber Laser cut-
ting machine. The hole diameter ranges within 3-9 mm
with a designed depth of about 1.5 mm, and the ceramic
was not cut through. The hole edge spacing was 40 mm.
The preparation process is shown in Fig. 7. Results show
good machining effect and the ceramic at cutting edge
is complete without extensive shedding. The pores are of
good conformality. After punching on the groove of the
half part, two half parts were glued together to restore the
integrated tube.

2.3 UT and signal processing

A set of ultrasonic digital signal and image processing
algorithm is designed aiming at UT of pipe parts, as is
shown in Fig. 8. The technical requirements to be realized
can be summarized as follows: (1) the bonding quality
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Table 1 Dimensions of a typical composite pipe

Steel pattern Outside diam-  OD tolerance Steel wall thick- Wall thickness  Steel-inside Lining thick- Ceramic-lining

no. eter (OD) (mm) mm ness mm deviation diameter (mm) ness (mm) inside diameter
(mm)

J55 73.02 +0.79 5.51 -12.5% 62.0 2.5 57.0

Fig.7 Preparation process of ceramic-lined composite steel tubes
with prefabricated artificial defects: a a 500 mm long remanufac-
tured pipe specimen, b a laser cut specimen, c laser drilling, d a
specimen with artificial defects
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Fig.8 A flow chart of the signal processing algorithm

assessment of sampling points and calculation of the
overall area ratio of poor-bonding areas; (2) to conduct
qualitative and quantitative detection of defects such as
inner wall holes, cracks, coating thickness reduction and
debonding; (3) 3D volume rendering measurement and
analysis to get intuitive images.

Algorithms regarding the fractal theory is mentioned
in previous work [15].

2.3.1 Digital scan transformation
The digital scan converter (DSC) establishes a mapping

relationship between the ultrasonic scan and the display
scan. An ultrasonic transducer receives 3D echo signals

and converts them into 3D digital array signals. Through
data acquisition and analysis software, the RGB image in
the form of rectangular coordinate system is displayed on
the monitor data for subsequent processing [16].

2.3.2 Surface fitting based on 2D cubic convolution
interpolation

In terms of irregular distribution of discrete sampling
points on the grid, it is necessary to conduct data grid-
ding. With 2D interpolation, the interval of 3D spatial coor-
dinate data can be equal, and then regular grid data are
generated for computer processing. Cubic convolution
interpolation (CCl) is one of the most commonly used 2D
interpolation methods. The kernel function of CCl is com-
posed of piecewise cubic functions on four intervals, con-
sidering the influence of direct and indirect neighboring
points [17, 18].

Therefore, this work constructs a quadric surface fitting
algorithm for spatial discrete points based on cubic convo-
lution interpolation. The key steps are as follows:

1. Todefine XandY axis interpolation data points respec-
tively according to the actual situation;

2. Togenerate N, and N, interpolation points respectively
at equal intervals between the maximum and mini-
mum values of the original X and Y data;

3. To perform cubic convolution interpolation.

2.3.3 Quantitative calculation

According to the reconstructed surface image, 3D recon-
struction of volume data of the pipe body and defects can
be performed, and then the location, size and depth of
the target defects can be measured and calculated. The
quantitative calculation procedure is designed as follows:

1. Toimport dimension parameters of the pipe and draw
the pipe body;

To draw the curved surface;

To generate cylinder data with radius (r) and height (h);
To adjust color and transparency;

To calculate the surface area;

To measure defect locations and sizes;

To calculate the defect surface area and depth.

NouswN
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3 Results and discussion
3.1 Edge detection

The canny operator is employed on the C- and TOF-scan
images of an artificially marked test-piece, as is shown in
Fig. 9. From the processing results, it can be seen that the
image with dual-threshold segmentation and gradient
segmentation can effectively detect the artificial markers
and edges of thickness reduction areas.

The same algorithms were performed on the speci-
men with seven artificial pores which were all clearly vis-
ible via gradient edge segmentation, as shown in Fig. 10.

Ultrasonic scanning method is theoretically feasible
for NDT of multi-layered composite materials. Experi-
mental results have demonstrated the effectiveness of
the method and the equipment for visual detection of
remanufactured pipe parts.

3.2 3D volume data reconstruction

The 3D reconstruction algorithm enables defects to be
imaged proportionately to their actual depth on the
inner wall of the pipe model. Local scanning was done
on artificial pores with a diameter of 8 mm and 9 mm
on a test specimen for further surface rendering, target
defect extraction and 3D imaging.

10 mm

Fig. 10 The C-scan image and its gradient edge segmentation
result of the whole test-piece

3.2.1 Surface rendering

Digital signals captured by the ultrasonic scanning device
were converted into a 3D view and a C-scan image via CCl
algorithm. As is shown in Fig. 11¢, the blue areas represent
thickness reduction. The obvious dual-pore structure can
be seen in the region of interest. The position and depth of
the pores were calculated from the coordinate, and then
the remaining wall thickness were obtained.

Fig. 9 Scanning images of the
artificially marked test-piece a
C-scan image, b dual threshold
segmentation of C-scan image,
c gradient segmentation of
C-scan image, d TOF, e dual
threshold segmentation of
TOF-scan image, f gradient
segmentation of TOF-scan
image
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Fig. 11 The dual pores on

the ceramic-lined specimen

a photo of real object, b
C-scan image, c digital signal
reconstructed surface, d digital
signal reconstructed 2D RGB
image, e gradient segmenta-
tion of 2D image, f dual-thresh-
old segmentation of 2D image,
g corrected 2D digital signal
reconstruction RGB images, h
corrected 2D image gradient
segmentation, i corrected 2D
image dual-threshold segmen-
tation

Fig. 12 A 3D reconstruction surface with target defects

3.2.2 Target defect extraction

The canny operator is used in the 2D planform of
Fig. 11b, c for gradient and dual-threshold segmentation,
considering the dual-pore as the target defect.

3.2.3 3D imaging

To get consistent C-scan color code, color inversion
was set for the reconstructed surface, namely using red
regions to indicate local thickness reduction. The 2D RGB
diagram of the reconstructed surface after color reversal
was superimposed with the 3D image of the tube body
to obtain an overall 3D view with the location and basic
morphology of the target defects, as is shown in Fig. 12.
The position and size were calculated via the software
from coordinates.

‘ | c‘ "1‘“1[ m I
B T |

Fig. 13 Real topography of the artificial hole

3.3 System verification

3.3.1 Calculation of defect characteristic parameters
and error estimation

To verify the quantitative detection effect, the artificial
hole defect specimens were scanned locally. The area with
designed apertures of 8 mm and 9 mm respectively and a
designed depth of 1.5 mm was selected. The remaining wall
thickness at the artificial hole position was measured with
the screw micrometer. The diameter D and depth H of the
artificial hole defects were calculated quantitatively using
the designed software. The surface topography of the artifi-
cial pore is shown in Fig. 13.

The relative error limit between the calculated value and
the measured value is defined as

€* = 8* = |X* _Xl
x| |x*|
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Table 2 Characteristic parameters of manual pores

Diameter of Depth of pore Residual wall thick- Diameter of Depth of pore Residual wall thick-
pore 1 (D,) 1(H,) ness of pore 1 (R;) pore 2 (D,) 2(H,) ness of pore 2 (R,)
Designed value (mm) 9 1.5 6.51 8 1.5 6.51
Measured value (mm) 9.015 1514 4.996 8.120 1.521 4.989
Calculated value (mm) 9.116 1.476 5.034 7.930 1.590 4.920
Relative error (%) 1.1079 2.5745 0.7549 2.3960 4.3396 1.4024

where €7 is the relative error limit, *is the absolute error, x
is the measured value and x* is the calculated value.

As can be concluded from Table 2, the relative error limit
between the calculated value and the measured value is
lower than 5% in these cases.

3.3.2 Image size reduction and correction

Improvement of 2D reconstruction algorithm for ultra-
sonic 3D array was applied, as the reductive degree of the
defect shape and size was relatively low when the surface
was drawn. The x and y coordinates were adjusted and
corrected so that the x/y ratio was closer to the real value.
Figure 11g-i show a series of images with modifications
added.

4 Conclusion

This work focuses on visualized NDT for corrosion failure
assessment of metal substrate pipe parts and preparation
of ceramic-lined remanufactured pipe parts in the process
of onsite quality inspection. Ultrasonic signal processing
and imaging algorithms for composite pipes were con-
structed and the analysis of UT visualization software was
developed in MATLAB. The visualization device can be
used to detect hidden safety problems of the tube parts
in service, which will provide a technical support for NDT
of deep hole parts before and after remanufacturing.

A data processing software developed in MATLAB can
be used to achieve a variety of digital signal processing
functions: IDFT was employed for ultrasonic data acquisi-
tion and imaging. The image noise was reduced with WT.
The canny operator was used for image segmentation and
edge detection. CCl was used to realize surface fitting and
3D data reconstruction. Finally, coating defects were char-
acterized and calculated quantitatively.

Combined with a special UT device for visual ultrasonic
detection of deep hole parts, the whole software and hard-
ware system was used for detection and verification of arti-
ficial defects. The volume data reconstruction algorithm
can realize the extraction of target defects and 3D imag-
ing of the detected object. The relative error limit of the
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calculated value of the diameter and depth of the artificial
hole defects was less than 5%. The detection method, sys-
tem equipment and algorithm program designed in this
work are of practical application value with strong feasibil-
ity and applicability.

Though defects in multi-layered pipes have been visu-
alized and the flaw size error has been estimated in this
work, the probability of detection (POD) and some other
performance evaluation indexes still require further study
and the integrated hardware and software system should
also be applied in field tests for performance verification.
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