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Spanning and bending of subsea pipelines seriously threatens pipeline transportation safety. Traditional external
detection methods based on underwater robots of pipeline spanning have high costs and low detection efficiency;
internal detection methods such as Pipeline Inspection Gauges (PIGs) have high blockage risk and can only
provide very low frequent inspection. In order to facilitate and effectively detect subsea pipeline spanning, this
paper proposes a spanning and bending pipeline inclination measurement based on in-pipe spherical detector
(SD) and AC magnetic proximity switches (ACMPSes). It has the advantages of low blockage risk, high precision,
low cost and being quasi real-time. Through off-line data processing, the pipeline inclination is calculated by
using the tangential and normal accelerations when the ACMPS reaches the extreme point to determine the
degree of pipeline spanning and bending. The operation circuit and SD of the ACMPSes are developed. Exper-
iments are carried out in a 24 m long, 8 in. steel pipe that naturally downward bends. Results demonstrate that
the SD can autonomously realize fixed-axis rolling driven by the water flow in the pipeline, and the repeated
measurements under different flow velocities have high accuracy and good consistency. Within +2°, the average
error of single measurement is 0.14°-0.31°. After the fusion of multiple measurements, the maximum error is

0.21° and the average error is 0.12°, which proves the effectiveness and accuracy of this method.

1. Introduction

In recent years, with the rapid development of subsea oil and gas
exploitation all over the world, the length of subsea pipeline has quickly
increased. Meanwhile, its safety problem has become increasingly
prominent. Due to the scouring effect of ocean current and the seabed
movement and unevenness, subsea pipeline spanning may occur.
Without underneath foundation support, the subsea pipeline will sag
and bend under the gravity [1,2]. Pipeline spanning will continuously
develop under the erosion of ocean current, and the bending stress of the
pipeline will also increase. Once the stress exceeds the bearing limit, the
pipeline will break, resulting in huge economic losses and serious
environmental pollution [3]. The free spanning subsea pipeline is shown
in Fig. 1. Therefore, timely and accurate detection of subsea pipeline
spanning and bending is of great significance for the maintenance and
long-term safe operation of subsea pipelines.

At present, subsea pipeline inspection is mainly divided into external
method and internal method. The external inspection method includes

Remotely Operated Vehicle (ROV) and Autonomous Underwater
Vehicle (AUV). The internal inspection method includes Pipeline In-
spection Gauges (PIG) and spherical detector (SD).

The underwater robots - ROV and AUV are used in the low-frequency
inspection of subsea pipeline. The detection principle is shown in Fig. 2.
They can carry a variety of detection equipment, such as underwater
camera, sonar, magnetometer, etc. ROV and AUV break through the
depth limit of human diving, travel along the subsea pipeline and record
its location, in situ state, and real-time images, which can be used to
detect exposing, spanning, leak and other states of subsea pipelines
[5-7]. The ROV has a limited operating range due to the limitation of
umbilical cables [8]. The AUV does not have the limitation of umbilical
cables, but it has high requirements for real-time data processing and
control performances [9,10]. The AUV scans the seafloor in large areas
along the preset zigzag trajectory and records the data for offline pro-
cessing with high blindness and low efficiency [10]. However, under-
water robots are deployed with high cost, because surface mother ship is
required to cooperate with ROV and AUV, so the inspection cycle is very
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Fig. 1. Schematic diagram of the free spanning subsea pipeline (modified
from [4]).
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Fig. 2. Schematic diagram of pipeline external inspection methods. (a) AUV
[11]; (b)ROV.

long. In addition, this kind of method is susceptible to the complex
environment of the ocean.

The internal inspection method for subsea pipelines has the advan-
tages of high detection efficiency, no restriction from the external
environment, and low cost. The detection principle is shown in Fig. 3. At
present, the PIG has been widely used in the inspection of onshore
pipelines, but its application in subsea pipelines is limited because of its
large size and the high risk of blockage when traveling in the pipeline as
the PIG tightly contacts the inner pipe wall [12]. The in-pipe PIG has
relatively low detection cost compared to ROV and AUV. PIG can use
magnetic flux leakage or ultrasound to detect corrosion defects and
cracks and can use inertial navigation system to measure the geographic
coordinates of the pipeline. Since the PIG is relatively large in mass, it
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Fig. 3. Schematic diagram of pipeline internal inspection method PIG [15].
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will affect the deflection of the pipeline when passing through the
spanning pipeline [13], causing shaking and other problems. However,
the buried pipeline has external soil environment support and can better
fix the pipeline [14], so the PIG is more suitable for the positioning and
defect detection of buried pipelines. Also, the PIG cannot be deployed
frequently and cannot conduct quasi real time detection. However,
spanning and bending of subsea pipelines is caused by seawater erosion,
which changes rapidly and requires quasi real time detection.

In addition to the above solutions using internal and external de-
tectors, pipeline monitoring solutions based on distributed fiber optics
or piezoelectric devices have also been proposed in recent years to sense
pipeline deformation, defect and vibration [16-18]. The detection
principle is shown in Fig. 4. The distributed optical fiber method has
high detection accuracy and low cost, but it is necessary to lay optical
fiber on the outer wall of the pipeline when the pipeline is laid. It is very
difficult to lay pipelines and optic fiber at sea at the same time. With the
increasing of using time, the optic fiber has creep and high risk of being
broken by an external force.

Due to the inconvenience of the above detection methods, our
research group proposed a new pipeline defect detection solution based
the SD. The diameter of the SD is smaller than the inner diameter of the
pipeline, so the SD can freely move under the push of the fluid in the
pipeline and has high passing ability [21]. The SD has good application
prospects in the field of subsea pipeline detection, including pipeline
leak detection [22,23], pipeline positioning [24] and pipeline inclina-
tion measurement [25]. The detection principle is shown in Fig. 5. The
SD is put into the pipeline from one end and rolls forward under the
drive of the liquid flow in the pipeline. It has no risk of jamming because
its diameter is smaller than the inner diameter of the pipeline. Also, it
can be used for densely launching and quasi-real-time subsea pipeline
spanning monitoring thanks to its great convenience of employment
compared to traditional PIGs: costing much less time for launch and
retrieve and moving faster than the PIG. Therefore, there are broad
application prospects in the detection of the overhang degree of a single
pipeline.

In recent years, a lot of research has proposed a series of detection
methods for spanning pipeline shape and location information based on
the SD [26-29]. X. Huang [30] used the SD to measure the geographic
coordinates of pipeline, but the accuracy is too low to distinguish the
vertical bending of the spanning pipeline. The rolling speed of the SD is
used to detect the bending of the spanning/subsidence gas pipeline [31].
The SD rolling speed changes were measured by extracting the AC
component spectrum and the DC component of the acceleration signal
recorded by the SD. This method has been tested in air-filled pipelines,
but not yet in liquid-filled pipelines. The thrust exerted on the SD in the
liquid-filled pipeline is much greater than that exerted on the SD in the
gas pipeline, so the rolling speed of the SD changes very slightly with the
change of the pipeline inclination and the rolling speed of the SD cannot
indicate the liquid-filled pipeline’s vertical bending. A method of
measuring the pipeline inclination angle based on magnetic proximity
switch and accelerometer has been proposed in [32]. It requires

FBG system

Fig. 4. Schematic diagram of pipeline external inspection method based on
optical fiber (modified from [19,20]).
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Fig. 5. Schematic diagram of pipeline internal inspection method based on
the SD.

magnetizing the pipe wall with a small magnet that causes strong
interference to the SD’s magnetic sensor. The test was carried out by
pushing the SD with a handle, which does not conform to the actual
rolling scenario of the SD in the on-site pipeline [32]. Moreover, the lift-
off value of this method is very small, and the sensor needs to be
installed on the outer surface of the SD in order to be close to the pipe
wall. This method has not been tested in actual liquid-filled pipelines. J.
Li et al. [33] used the SD equipped with multi-channel magnetic sensors
to detect the magnetic fields inside a pipeline to determine whether the
pipeline is displaced or deformed. This method can only make qualita-
tive judgments for large bending and cannot quantitatively evaluate the
little inclination of the slightly bending pipeline.

The advantages and disadvantages of each method are comprehen-
sively compared, and the results are shown in Table 1. In order to solve
the shortcomings of the previous methods, this paper proposes a new
measurement method of pipeline spanning state based on AC magnetic
proximity switch (ACMPS) and accelerometer installed in the SD, which
has the advantages of not interfering with the magnetic field in the
pipeline, high lift-off value and high precision. First, this paper designs
the measurement scheme of the SD, including structure, algorithm,
circuit, acquisition and storage, etc. Second, the ACMPS is developed
and its function is verified via both finite element simulation and
experiment. Third, the newly developed SD equipped with elaborate
ACMPS array and counterweight is successfully employed to measure
the inclination of a 24 m long, 8 in. spanning bent steel pipeline. Lastly,
measurement results and measurement accuracy are discussed and
analyzed.

2. Measurement scheme

The measuring device consists of a SD and six ACMPSes based on RLC
(Resistor-Inductor-Capacitance) resonance, as shown in Fig. 6. The SD
carries six detection coils and a three-axis accelerometer. The acceler-
ometer is located at the center of the SD, and the direction of the sen-
sitive acceleration axis is aligned along the vector from the coil center to
the SD center in order to obtain the radial and tangential components of
the gravitational acceleration.

The detection coils are fed with high-frequency alternating current.
The coils are connected in series into RLC resonant circuits as the in-
ductors. When the detection coil in the SD is far away from the wall of
the ferromagnetic pipe, the equivalent circuit diagram is shown in Fig. 7
(a). The circuit is an RLC oscillation circuit, and the circuit impedance is
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Fig. 6. Principle of pipeline inclination measurement.
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Fig. 7. Eddy current testing principle diagram. (a) RLC oscillation circuit dia-
gram (without ferromagnetic material); (b) Schematic diagram of eddy current
testing; (c) RLC equivalent circuit diagram (with ferromagnetic material).

shown in formula (1):

Z = Rl +](XL 7XC)
X, = oL, M
XC = 1/wC1

where R; is the resistance, X; is the inductive reactance, X is the
capacitive reactance, and w is the excitation angular frequency. When
the excitation angular frequency of the voltage source is equal to the
resonant frequency of the oscillation circuit, series resonance occurs and
the voltage on the inductor L; will be amplified. The amplification factor
depends on the R;, L; and C;. The voltage u,; on the inductor L is
shown in formula (2):

_ Lk

LW,
Uor :onLlR—l = jQu;
1

where oy is the resonant frequency, Q is the quality factor. According to

Table 1
Comparison of detection methods for subsea spanning pipeline.
Detection method real-time evaluation measurement range resolution sensitivity accuracy cost others
Remote operated vehicle (ROV) No Limited High High High High —_—
Autonomous underwater vehicle (AUV) No Large High High High High Low
detection
efficiency
Pipeline Inspection Gauge (PIG) No Unlimited Moderate Moderate High Low High
jamming risk
Distributed fiber optics or piezoelectric devices Yes Limited Low High Low Low Difficult construction
Spherical detector (SD) being quasi real-time Unlimited High High High Low —
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the conclusion in Reference [34], when the detection coil approaches
the wall of the ferromagnetic pipe, eddy current is generated on the
surface of the ferromagnetic pipe due to the primary magnetic field H;
generated by the coil. The secondary magnetic field H, generated by the
eddy current cancels out the primary magnetic field H;. The schematic
diagram is shown in Fig. 7(b). The equivalent circuit diagram is shown
in Fig. 7(c). The shorter the distance between the detection coil and the
ferromagnetic material, the greater the mutual inductance M. As the
excitation frequency increases, the resistor Ry is much lower than the
inductive reactance wL,. Therefore, when the detection coil is closest to
the pipe wall, the inductance value of the detection coil is represented by
Lyteel- Lsteer can be approximately calculated by formula (3):

Lsteel ~ L — Ilz (3)
Ly

Therefore, when the detection coil is closest to the pipe wall, the
equivalent mutual inductance M between the eddy current generated by
the detection coil and the pipe wall is the largest, the inductance L of the
detection coil becomes Lg.q, the resonant frequency w, of the circuit
changes, the circuit impedance Z increases, the current I passing through
the circuit decreases, and the inductive reactance X;, of the detection coil
decreases, so the voltage u,; on the coil decreases.

When the coil is closest to the inner wall of the pipe, the output
voltage of the coil is minimum. At this moment, the line between the coil
center and the SD center is perpendicular to the pipe wall, and this di-
rection is ¢g. The direction of gravitational acceleration g always points
downward to the center of the earth at any position. Therefore, ac-
cording to the triangle similarity theory, the angle between ¢, and g at
this time is the pipeline inclination angle 6, which is expressed by for-
mula (4).

0= 2£(g,¢) =tan*(ay/a,) — 4

wherein, a, and a, are the outputs of the x axis and y axis of the
accelerometer respectively, and « is the angle between the y axis of the
accelerometer and the direction ¢, parallel to the coil axis. For the first
coil, the directions of y axis and ¢, coincide, and « is zero.

In order to accurately capture the near-wall moment, it is necessary
to ensure that the detection coils are on the mid-vertical plane of the SD,
and the SD needs to do fixed-axis rolling in the pipeline. Therefore, the
structure of the SD is redesigned in this paper. The internal composition
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and structural layout of the SD are shown in Fig. 8. The six-channel
ACMPSes are excited by six resonant circuits, their voltage outputs are
converted through the rectifier filter circuits and an analog digital
converter, and then is stored in the TF card by the MCU together with the
acceleration data. After the pipeline inspection is completed, the SD is
taken out of the pipeline, and the recorded data is processed offline to
calculate the pipeline inclination at each moment.

The average density of the SD is about 1.27 g/cm3, which is slightly
larger than that of water. At the same time, the ratio of moment of
inertia in three directions needs to meet I;/I, = I,/I, = 1.55, so as to
realize the stable fixed-axis rolling of the SD in the pipeline. Six coils are
evenly arranged on the mid-vertical plane of the SD, so when the SD
rotates for one cycle, six values of pipeline inclination angle can be
measured.

The SD uses tungsten cylinders for counterweight. Due to the high
density of tungsten, small volume of tungsten cylinders can be enough to
effectively control the mass distribution of the SD and save the limited
space in the SD. According to reference [35], for a cylinder with radius r,
mass m, and height h, as shown in Fig. 9, its moment of inertia is:

L=k = 2om(3° + 1)

1 (5)
I = imr2
and the ratio of the two is:
I, I 612
n=+= (6)

LI PR

It can be seen that when r>> h, 1) is maximum and the limit value is 2.
Currently, the radius of the counterweight is much larger than its height,
and the cylinder is disk-shaped. At this time, the stable rotation axis of
SD is uniquely determined to be the circle with the largest moment of
inertia. However, the complete counterweight is not easy to assemble
and takes up too much space. Therefore, a circle of tungsten cylinder
array is evenly arranged on the inner side of the spherical shell and on
the mid-vertical plane of the SD. The diameter of the SD is 170 mm,
which is less than 80 % of the diameter of the experimental pipeline to
maintain high passability. It is with an average density of about 1.2 g/
cm3 and a moment of inertia ratio of I, /I, = I,/I, ~ 1.55. This shows
that SD can realize the stable fixed-axis rolling within the pipeline.

Rectifier filter circuit

Data Ac(tluisitiun
System

Fig. 8. System composition and cross section of the SD.
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Fig. 9. Cylindrical counterweight model.

3. ACMPS and its function verification

ACMPS based on RLC(Resistor-Inductor-Capacitance) resonance
principle is designed to sensitively detect the moment when the coil is
closest to the pipe wall. According to the principle of RLC series reso-
nance, when the excitation frequency is equal to the resonance fre-
quency, the voltage of L; will be several times of the excitation voltage.
The resonant frequency is f = 1/(27/L; C1 ). Because of eddy current
effect, when the detection coil is close to the metal surface, the metal
surface will generate inductive eddy current that has reaction on the
coil. The induced eddy current forms an additional magnetic field,
which prevents the magnetic field of the coil from alternating and at-
tenuates the RLC resonance. The coil parameters will also change and
the output voltage of the detection coil will decrease. Therefore, changes
in the distance between the coil and the metal surface can be detected
according to the changes in the output voltage.

3.1. Simulation verification

Finite element simulation software COMSOL Multiphysics is used to
verify the feasibility of the ACMPS. The simulation model is shown in
Fig. 10. The coil which is connected to a resonant circuit moves in a
circle over the steel plate. The rotation radius of the probe is r = 76.5
mm, which is the same to the SD radius. ¢ is the rotation angle, the
closest distance between the coil and the plate is h = 6mm, and the
thickness of the steel plate isd = 5mm. In the circuit, the amplitude of
excitation voltage u; is 1 V, and the series resistance R; = 1694Q, the
series capacitor C; = 67.5pF. When the coil is far away from the steel
plate, L; = 125.9mH, and R;, = 1.27kQ. The excitation frequency is
set as f = 1/(27vL1C1) = 54.60kHz, and the quality factor of the

L1/C1 (R, +Ry,)? = 14.57.
When the circuit is resonant, the waveform of excitation voltage u;

and coil’s output voltage u,; is shown in Fig. 11, and the coil voltage is
significantly greater than the excitation voltage. When the coil is close to

resonant circuit is Q =
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Fig. 10. Finite element simulation model.
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Fig. 11. Waveforms of excitation voltage and coil voltage when LCR reso-
nance occurs.

the steel plate, the eddy current weakens the resonance effect and re-
duces the voltage of the coil. Therefore, the minimum point of the coil
voltage amplitude corresponds to the moment when the distance be-
tween the coil and the steel plate is the shortest.

By changing the rotation angle ¢ of the ACMPS, the amplitude of the
output voltage u,, and related parameters of the coil consequently
change, as shown in Fig. 12. Fig. 12(a) shows the variation of the coil
voltage amplitude uy, with the change of ¢. Fig. 12(b) shows the vari-
ation of the coil inductance L,. Fig. 12(c) shows the variation of the coil
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Fig. 12. Variation of coil parameters with the change of ¢: (a) output amplitude u,2; (b) coil inductance L;; (c) coil impedance Z,; (d) coil AC resistance..Ry,

impedance Z;,. Fig. 12(d) shows the variation of the coil resistance Ry, .
It can be seen that when the coil rotation angle ¢ is 0° / 360° / 720°,
namely, when the coil is closest to the steel plate, all the relevant pa-
rameters of the coil appear extreme values. It proves that it is practical to
use the RLC resonance principle to determine the closest distance be-
tween the coil and the steel plate. Considering that voltage measurement
is more convenient and accurate, u,» will be used as the characterization
variable of the proximity point. When the coil is closest to the pipe wall,
the extreme point of u,y appears. The acceleration signal at this moment
is used to calculate the angle between the gravity and the line from the
coil center to the SD center, which is also the pipeline inclination angle.

o~

Voltage(V)

]

13 14 15

Time(s)
(b)

Fig. 13. Verification experiment of ACMPS function: (a) schematic; (b) output
data of measurement system.
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3.2. Experimental verification

The pipeline spanning state detection method based on the ACMPS is
verified under laboratory conditions using the experimental scheme as
shown in Fig. 13(a). The length of the steel pipe is [, and the pipe is hung
on the ceiling by two wire ropes. The inclination angle of the pipe is
adjusted by changing the lengths I1 and 2 of the wire ropes. The incli-
nation angle of the pipe is @ = sin™!(I1 —I2)/1. The detection coil system
is rotated in the steel pipe driven by a motor to simulate the rolling of the
SD in the pipeline. The distances from the rotation axis to the top and
bottom of the pipe are different. The measured acceleration and the

waveform of uy, are shown in Fig. 13(b). It can be seen that for each
cycle of rotation, u,3 has two obvious extreme points, of which the larger
one corresponds to the moment when the coil is closest to the bottom
wall of the pipe (6 mm) and the smaller one corresponds to the moment
when the coil is closest to the top wall of the pipe (11 mm).

The phenomenon that there is still a noticeable extreme point of uy,
with the lift-off value of 11 mm proves that this method has solved the
problem of low lift-off value in the previous method previously proposed
[32]. As the magnet being farther from the pipe wall, the magnetization
of the pipe becomes weaker and the magnetic field change becomes
smaller. If the distance is too close, the Hall sensor may reach saturation.
The results of the inclination angle calculated according to the formula
(1) are listed in Table 2. The maximum error is 0.23° in the range of
0~45° inclination angle, which confirms the feasibility and practicality
of the proposed method.

Table 2
Verification experiment results of ACMPS function.

Actual 0 (°) Measured 0 (°) Error (°)
0.48 0.62 0.14
-3.63 -3.82 -0.19
—4.68 —4.79 -0.11
—7.47 —7.51 —0.04
—14.87 —14.94 —0.07
—17.46 —-17.23 0.23
—26.49 —26.55 —0.06
-33.03 -32.98 0.05
-37.71 -37.70 0.01
—45.10 —45.11 -0.01
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Fig. 14. Experimental pipeline system: (a) structural schematic; (b) photo of experiment field.
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Fig. 15. SD used in the experiment.
4. Measurement experiment of spanning pipeline inclination

The pipeline system for application experiment is shown in Fig. 14.
The SD used for the experiment is shown in Fig. 15. A 24 m long water
delivery experimental pipeline was built. The pipe was made of carbon
steel, with a diameter of 8 in., and a wall thickness of 6 mm. The two
ends of the steel pipe were raised and fixed, causing the middle section
to sag under gravity, simulating the inclination angle change when the
subsea pipeline spanning and bending occurs. Water was pumped from
the pool, and the water flow pushed the SD to roll forward. There was a
three-way valve at the right end of the pipe to launch the SD, and a tank
at the left end of the pipe to retrieve the SD. Besides, the water flow
speed was adjusted by a gate valve between the three-way valve and the
water pump. The actual inclination angle distribution of the steel pipe is
shown in Table 3. The data was obtained by mechanical finite element
simulation. The simulation model adopts 1:1 real size and real material
parameters.

The SD was put into the three-way valve and then the cover was
closed. The water pump was started and the SD rolled forward and
finally rushed out from the other end of the pipe together with the water
flow. Fig. 16 shows the acceleration data recorded by the SD while
rolling in the pipe, from which we can see that the frequency and each
component of the acceleration signals is steady, indicating that the SD’s
rolling speed and state is stable. The amplitudes of the two acceleration
components are unfluctuating, indicating that the rotation axis of the SD
is also stable. The above information proves that the SD with well-
designed counterweight realizes stable fixed-axis rolling in the pipe-
line. By calculating the product of the SD’s rolling frequency and
circumference, the speed of the SD in water filled pipeline can be ob-
tained. The gate valve at the right end of the pipeline was adjusted to
control the flow velocity to have different values and test the moving
speeds of the SD rolling in the pipeline respectively. The calculated
rolling speeds of the SD are shown in Fig. 17. It can be seen that the SD
rolls unstably due to the unstable flow in the initial stage, and the
measured rolling speed fluctuates greatly in the initial stage. However,
the SD quickly realizes fixed-axis rolling and its rolling speed in the
pipeline quickly becomes stable. The SD’s moving speed in the liquid-
filled pipe mainly depends on the liquid flow velocity, and there is no
obvious corresponding relationship between the rolling speed and the
inclination angle of the spanning bent pipe. This also proves that the
method of using the change of the SD’s moving speed to detect the
bending of pipeline proposed by [31] is no longer applicable to liquid-
filled pipeline, which demonstrates the necessity of this method. This
also solves the problem that the hand-held push rod drives the carrier to
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Fig. 16. Acceleration signals recorded by the SD rolling in the water flow pipe.
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Fig. 17. Rolling speed of the SD at different flow velocity.

roll and cannot completely reproduce the rolling of the on-site spherical
detector in the pipeline [32].

5. Results and discussion

The acceleration and ACMPSes’ waveforms collected by the SD in the
pipeline spanning detection experiment are shown in Fig. 18. It can be
seen that in the water filled pipeline, the SD can stably roll around a
fixed axis. The six channels of ACMPSes in each rolling cycle can
effectively detect the changing distance between the detection coil and
the pipe wall for six times. When the coil is closest to the pipe wall, the
coil output amplitude reaches the extreme value. The peak detection
algorithm is used to determine the minimum value and the moment of
its occurrence, and the acceleration value ay, a, at this moment is used to
calculate the pipeline inclination angle according to the formula (4).
Then the six values of the pipeline inclination angle measured by six
channels are averaged to provide the final measurement result in each
rolling cycle.

Results of five repeated pipeline inclination measurements using the
SD at a flow velocity of 0.95 m/s are shown in Fig. 19. The SD diameter
is 170 mm and the average moving speed of the calculated SD is about
0.89 m/s. It can be seen that the results of multiple repeated experiments
have good consistency. However, there are random errors in the data
caused by disturbance in the process of the SD rolling. After using the
average fusion of multiple measurement results, the measurement
inclination angle is closer to the real value of the pipe. Because the SD
can freely roll in the pipeline, the SD is not easy to get blocked and it is
convenient to launch and retrieve. In field pipeline, the SD can be used

Table 3

Actual inclination angle of experimental pipeline.
Axial position (m) 1.00 3.00 5.00 7.00 9.00 11.00 13.00 15.00 17.00 19.00 21.00 23.00
Inclination angle (°) 1.98 1.85 1.57 1.20 0.75 0.25 —0.26 -0.75 —-1.20 -1.57 -1.85 —1.98
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Fig. 18. A piece of data collected during pipeline inclination measurement
experiments.

for repeated inspection to get the average value. This experimental
result further proves the feasibility and practicality of the proposed
method to measure the pipeline inclination angle.

It should be noted that there are large errors in the data of the initial
and final sections due to the unstable water flow near the inlet and outlet
of the experimental pipe that has resulted in the SD’s unstable rolling
and poor data quality. In the middle section of the pipe the water flow is
more stable, so the quality of the data collected by the SD is higher and
the error of the pipe inclination measurement is smaller. The field
pipeline can be regarded as infinitely long, and the flow velocity and
flow state in the pipeline are stable, so there will be no instability force
to interfere with the rolling of the SD. Therefore, the detection accuracy
of the SD in the field spanning/subsidence bent pipeline will be higher.

Because the inclination angle of the experimental pipeline is small,
and the maximum angle is only 2°, the absolute error rather than the
relative error is used for accuracy analysis. Error statistics of the incli-
nation measurement results of the middle pipe section which is close to
the field situation are done. The average errors of five measurements at
the same flow velocity are 0.22°, 0.14°, 0.31°, 0.29° and 0.14° respec-
tively. After taking the mean value of multiple experiment results, the
maximum error is 0.21° and the average error is 0.12°. Therefore, for the
field long-distance pipeline, the advantages of the SD that the SD is not
easy to get blocked and is convenient to launch and retrieve should be
made full use of, and the SD can be used to repeatedly inspect the
pipeline to obtain accurate measurement results and realize quasi real-
time detection of subsea pipelines.

The opening of the gate valve was adjusted to change the water flow
velocity in the pipeline, and the measurement performance of the SD at
different flow speeds was tested. The results are shown in Fig. 20. The
pipeline inclination measurement results under different flow velocities
are very close, and they all overlap the real inclination angle of the
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bending pipeline. This proves that the proposed method is insensitive to
the liquid flow velocity in the pipeline, which is of great advantage. In
the experiments with three different flow velocities, the average errors
of the three measurements are 0.20°, 0.28°, and 0.28° respectively,
which proves that this detection method has high accuracy and is not
affected by variances in flow velocity.

The average moving speed of the calculated SD is about 0.89 m/s, so
the SD won’t take a long time to roll inside the long-distance pipeline.
When the SD completes the pipeline detection, the pipeline inclination
can be calculated immediately, and the degree of pipeline span can be
judged. Therefore, the real-time performance of this method is better
than others.

6. Conclusion

In this paper, a method of measuring the pipeline spanning detection
based on ACMPS and accelerometer is proposed. This method can
quantitatively detect the bending of a spanning pipeline. The main re-
sults are as follows:

(1) A new method for measuring the spanning state of subsea liquid
filled pipelines is proposed. Under the action of fluid thrust, the
SD rolls along the fixed axis in the pipeline, and the inclination of
pipeline spanning is calculated by the collected acceleration data
and the moment when the ACMPS is perpendicular to the wall of
the ferromagnetic pipeline. Under laboratory conditions, the
ACMPS is rotated by a motor to simulate the SD’s rolling in the
field pipeline to test the measurement accuracy, and the
maximum inclination measurement error is 0.23° within the
range of 0~45°. Accurate inclination measurement can be ach-
ieved when the lift-off value is as far as 11 mm.

(2) A SD equipped with six ACMPSes for detecting the spanning state
of subsea pipelines is designed. The layout of the ACMPS array in
the SD, the multi-channel signal calculation circuit, and the data
acquisition/storage module are developed. Six inclination mea-
surements in each rolling cycle are achieved to ensure the sam-
pling density and measurement accuracy. The structure layout
and counterweight of the SD are designed to adjust the density
distribution and moment of inertia of the SD, so that the SD can
roll around a fixed axis in the liquid-filled pipeline.

(3) The proposed method is experimentally verified in a naturally
sagging water-filled steel pipeline with a length of 24 m and a
diameter of 8 in. The results show that the SD can autonomously
realize fixed axis rolling under the impetus of water flow in the
pipeline, and the repeated measurements of the pipeline incli-
nation angle under different flow velocities have high precision
and good consistency. Within the range of +2°, the average error
of single measurement is 0.14°~0.31°. After fusion of multiple
measurements, the maximum error is 0.21° and the average error
is 0.12°.
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