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Abstract: This study aims to enhance the motion stability of a spherical internal de-
tector within a flow field, thereby preventing jamming or deviations during the in-
spection process. Firstly, a fluid-structure interaction model of a spherical detector
in a pipeline was built, and flow field calculations were performed for a straight
pipe and a 60° elbow with a 600 mm diameter, examining various ball-to-pipe di-
ameter ratios. The analysis, including the flow field and pressure distribution char-
acteristics of the spherical internal detector within the pipe configurations, was sup-
plemented by experimental verification. The findings reveal that the thrust gener-
ated by the spherical internal detector correlates positively with the ball-to-pipe di-
ameter ratio. However, an excessively high ratio 0.8 led to a rapid decrease in fluid
velocity in the wake region and an increase in the radial region. Significantly, when
the spherical internal detector navigates through a 60° pipe elbow, its angular ve-
locity triples compared to that in a straight pipe section, potentially reducing the
detector’s service life. For 600 mm diameter pipes, it is recommended that the opti-
mal condition is achieved with a ball-to-pipe diameter ratio of 0.6 and an initial fluid
flow velocity of 1.5 m/s to extend service life while ensuring optimal trafficability of
the spherical internal detector.

Keywords: spherical internal detector; fluid-structure interaction; trafficability; flow
velocity; angular velocity

1. Introduction

Pipelines are critical infrastructural facilities in urban environments, playing a central role in both the city’s

functionality and in the daily lives of its inhabitants. The economic repercussions of pipeline leaks in developing

nations are substantial, with annual losses estimated to reach as high as $2.9 billion [1]. China’s expansive pipe-

line network, now exceeding 3 million kilometers, is increasingly plagued by leakage issues. Leaks within urban

water supply networks not only result in significant water wastage but also pose grave safety risks. Presently,
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over 66 % of pipelines in operation in China have been in use for more than two decades, underscoring the
urgency of effective leakage detection [2, 3]. The development and deployment of in-pipe inspection robots
have emerged as a focal area of research, drawing attention due to their capacity for omnidirectional movement,
minimal flow resistance, and ability to navigate through complex pipeline systems [4, 5].

In the domain of in-service pipeline inspection, notable advancements include the hinged-structure robot
designed by Choi et al. [6], which is propelled by motors located at both ends; the spiral spring-equipped mobile
robot by Kurata et al. [7] for navigating entangled flexible pipes of small diameters; and the motion planning
algorithm for a caterpillar-type robot by Kwon et al. [8], suitable for pipes with diameters between 80 and
100 mm. Chan et al. [9] proposed a portable and automatic robot which exhibited superior capacities in com-
plicated pipe environments for turning into 90° elbows, that can be applied to any pipeline system.

The innovative ‘smartball” developed by Pure Technology Company in Canada, which employs acoustic
sensors to detect pipeline leaks, represents a significant proprietary advancement in the field [10]. Similarly,
Tianjin University has developed a spherical internal detector prototype and introduced a micro-leak detection
strategy utilizing this technology, which has seen initial application in water supply pipeline projects [11, 12].
Huang Xin-jing et al. has developed a spherical internal detector prototype and introduced a micro-leak detec-
tion strategy utilizing this technology, which has seen initial application in water supply pipeline projects [13].
Additionally, Wang et al. [14] have developed a methodology for measuring pipeline inclination through ex-
periments conducted with an in-pipe spherical detector (SD) in steel pipes; Huang et al. [15] achieved an abso-
lute localization error of 1.2 km in pipeline mapping using a mobile spherical detector with 3D rotational capa-
bilities. Lastly, Xu [16] introduced a pipeline leak identification method employing a spherical detector, which
combines variational mode decomposition for enhanced accuracy.

Extensive research has been undertaken on pipeline inspection detectors; however, optimizing the motion
stability of these passive devices within fluid flows, preventing their entrapment or deviation under complex
flow conditions, ensuring their navigability, and prolonging their operational lifespan continue to constitute
principal research objectives. This study analyzed the dynamic characteristics of the flow field across various
diameters and the angular velocity and acceleration of the detector under different initial velocities during col-
lisions, leading to a deeper understanding of the thrust characteristics associated with this detector.

2. Theoretical Model

When a spherical internal detector navigates through a pipeline, the fluid medium is assumed to be in-
compressible, and the large eddy simulation technique is employed. The flow adheres to the fundamental equa-
tions of fluid mechanics, with thermal exchanges between the internal and external environments of the pipe-
line being disregarded. The time-averaged control equation derived from the three-dimensional Navier-Stokes
equations is presented as follows [17, 18]:

0 0
AT (=0
1)
where, ui denotes the velocity components along the x, y, and z axes, and p indicates the fluid’s density.
Momentum equations:
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In Equation (2), P represents the pressure exerted on each infinitesimal fluid element within the pipeline,
u.u.
while PUE is the Reynolds stress tensor, further elaborated in Equation (3):
ou,
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where, 0 is the Kronecker delta, and p: represents the eddy viscosity:

k
He=p—
@ 4)
The variables k and w signify the turbulent kinetic energy and its dissipation rate, respectively. These are
calculated using Equations (5) and (6):
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In Equations (5) and (6), Gr denotes the generation of turbulent kinetic energy due to the mean velocity
gradient. G is a coefficient dependent on w. I'v and Ik are the effective diffusivities for k and w, respectively,
while Yi and Yo represent the dissipation of k and w due to turbulence.
When the spherical internal detector moves along with the fluid in the pipeline, the magnitude of thrust it

experiences is influenced by the fluid velocity. The relationship governing this thrust is formulated in Equation

(7):
dz 1
F =)= pvd)C 7
t (4)(2,0)D (7)

where, D stands for the pipeline diameter, d is the diameter of the spherical internal detector, and Cp de-
notes the thrust coefficient.

By discretizing the overall structure of the pipeline using the finite element method, the dynamic equation
governing the pipeline can be expressed as follows [19]:

MX +Cx+ KX = F(t) (8)

where, M represents the mass matrix; C is the damping matrix; K denotes the stiffness matrix; X is the
displacement vector, and F(t) is the load induced by fluid motion.

3. Flow Field and Collision Analysis

A spherical internal detector is selected with diameters ranging from 240 mm to 480 mm, and a fluid-
structure interaction model is developed for a pipe with a diameter of 600 mm. Let r denote the ratio of the
spherical internal detector’s diameter to the pipe diameter. The pipe’s interior is classified as a fluid region,
utilizing water as the conveying medium. The flow field calculation domain’s left boundary is configured as a
velocity inlet with conditions ranging from 0.5 m/s to 2.5 m/s, while the right boundary is set as a pressure
outlet. The pipeline’s inner surface, in contact with the fluid, adheres to a no-slip wall condition. The staggered
method is employed for numerical solutions, and tetrahedral mesh generation is depicted in Figure 1a.
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Figure 1. Grid division and surface pressure distribution of the spherical internal detector

Figure 1 b) illustrates the pressure distribution on the spherical internal detector’s surface, influenced by
fluid propulsion at a flow velocity of 1.5 m/s and a detector diameter of 360 mm. The pressure distribution is
markedly non-uniform along the flow direction; the upstream face exhibits a high-pressure area due to fluid
stagnation, whereas the downstream face experiences a low-pressure area as a result of flow separation. This
pressure differential across the detector generates a thrust force acting on it.

A pipeline model with a 600 mm diameter and a 1600 mm length was established to simulate five condi-
tions (r=0.4, 0.5, 0.6, 0.7, 0.8) at an initial flow velocity of 1.5 m/s.
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Figure 2. Velocity contour plot around the spherical internal detector in the YZ plane (m/s)

In Figure 2, as the fluid propels the spherical internal detector, the flow velocity in the wake region de-
creases due to viscous effects. As r increases, the area of this low-velocity wake region correspondingly expands.
Concurrently, the fluid velocity in the radial region around the spherical internal detector along the pipeline
evidences a significant increase, ranging from 2.1 m/s at » = 0.4 to 3.7 m/s at = 0.8. These velocity variations in
different regions potentially contribute to an increase in the angular velocity during collisions between the
spherical internal detector and the pipe.

The fluid velocity along the pipe axis at the edge of the spherical internal detector, derived for different
diameters, is shown in Figure 3.
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Figure 3. Velocity at the edge of the spherical internal detector along the pipeline axis
As the diameter of the spherical internal detector was increased from 240 mm to 480 mm, a notable rise
was observed in the maximum fluid velocity at the edge of the detector along the pipeline axis, escalating from
2.1 m/s to 3.4 m/s. Concurrently, the velocity variation pattern in the wake region behind the detector became
more pronounced. Specifically, at a radial distance r = 0.4, the fluid velocity stabilized at 1.8 m/s; however, at

r=0.8, the velocity rapidly decreased from 3.4 m/s to 1.5 m/s, posing a risk of causing the detector to roll and
collide. The pressure variations at the edge of the detector are depicted in Figure 4.
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Figure 4. Pressure at the edge of the spherical internal detector along the pipeline
With the increase in the diameter of the spherical internal detector from 240 mm to 480 mm, the maximum
pressure differential in the pipeline surged from 2 kPa to 22 kPa. Although the heightened pressure differential

could provide greater thrust to the detector, the increased diameter also elevated the risk of obstruction in areas
with flow alterations, such as elbows and T-junctions.
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Figure 5. Velocity and pressure at the edge of the spherical internal detector under varying flow velocities along the
pipe line
As the initial flow velocity was elevated from 0.5 m/s to 2.5 m/s (Figure 5 a)), the maximum fluid velocity
at the edge of the spherical internal detector rose from 0.7 m/s to 3.8 m/s along the pipeline axis. Meanwhile,
the velocity variation trend in the wake region of the detector remained smooth. Alongside this, the maximum
pressure differential increased from 1 kPa to 14 kPa along the pipeline axis (Figure 5 b)). It was observed that
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an increase in initial flow velocity exerted a less pronounced effect on the pressure differential of the detector
compared to the effect of an increase in its diameter.

A test platform with a 600 mm diameter pipeline, constructed from polycarbonate material, was equipped
with a variable frequency water pump to maintain a flow rate of 1.5 m/s for testing the passage of a spherical
internal detector with a diameter of 360 mm. A high-speed camera was employed to capture the flow velocities

of the detector, with the experimental setup including a detector input and recovery port as illustrated in Figure
6.

Figure 6. Spherical internal detector input into the pipeline testing platform

The axial velocity of the spherical internal detector along the pipeline was recorded at an initial flow rate

of 1.5 m/s. The data collection points, spaced 300 mm apart, were analyzed and compared with simulated data
as shown in Figure 7.
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Figure 7. Simulation and experimental data comparison of the velocity of the detector

The spherical internal detector was in a state of acceleration upon deployment, achieving a peak speed of
2.1 m/s in the experiment before gradually returning to the initial flow velocity. The maximum discrepancy
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observed between the experimental and simulated data was 6.4 %, substantiating the viability of the simulation

model. The simulation depicting the flow field within 60° climbing section of an elbow is illustrated in Figure
8.

Velocity (m/s)

mm

0 25

3
x10° mm 0

Figure 8. Velocity of the spherical internal detector along the YZ plane within the 60° climbing pipe
As the spherical internal detector traversed a 360 mm section through a 60° elbow, as shown in Figure §, it

reached a maximum velocity of 2.5 m/s due to changes in the flow field. This resulted in a velocity differential

of 1 m/s between the inner and outer sides of the elbow, thereby enhancing the rotational tendency of the de-
tector.
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Figure 9. Velocity profile along the tangent at the inner side of the elbow for the spherical internal detector under varying
r values
Figure 9. presents the velocity profiles extracted along the tangent to the spherical internal detector at the
inner side of the 60° elbow. As the detector’s diameter increased from 240 mm to 480 mm, the maximum fluid
velocity decreased from 2 m/s to 1.8 m/s. For diameters less than 420 mm (r < 0.7), the decrease in fluid velocity
was consistent. However, at a diameter of 480 mm (r = 0.8), the minimum fluid velocity at the inner side of the
elbow approached zero, increasing the likelihood of the detector becoming jammed.
When operational within pipelines, the spherical internal detector inevitably contacts and collides with the
inner walls. These collisions alter the detector’s orientation and motion dynamics. Virtual prototyping technol-
ogy was employed to simulate collision dynamics for a detector with a diameter of 360 mm.
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The resulting dynamic simulations of the detector’s angular velocity for varying initial flow velocities are
depicted in Figure 10.
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Figure 10. Analysis of angular velocity and angular acceleration of the detector at different initial flow velocities

In Figure 10, an increase in the initial flow velocity led to a corresponding increase in ball collision fre-
quency. At a flow velocity of 1 m/s, the detector’s maximum angular velocity during collision reached 1.1 rad/s,
and its maximum angular acceleration was 0.15 rad/s2. When the flow velocity increased to 2 m/s, the maximum
angular velocity escalated to 3 rad/s, and the angular acceleration peaked at 0.58 rad/s?. Merely increasing the
initial flow velocity to enhance the navigability of the detector could consequently reduce its service life. The
impact within a 60° elbow with a diameter of 600 mm is depicted in Figure 11.
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Figure 11. Analysis of angular velocity and acceleration of the spherical internal detector within the 60° elbow
As illustrated in Figure 11, when the 360 mm spherical internal detector navigated through a 60° elbow at
an initial flow velocity of 1.5 m/s, the collision induced a maximum angular velocity of 3.6 rad/s and a maximum
angular acceleration of 0.65 rad/s2 Notably, when the detector traversed the 60° elbow at the same initial flow
velocity of 1.5 m/s, the intensity of the collision was greater than that experienced in a straight section of the
pipe.
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4. Conclusions

This study analyzed the flow field dynamics of a spherical internal detector across various diameters, lead-
ing to a deeper understanding of the thrust characteristics associated with this detector. The accuracy of the
simulation model was confirmed by integrating experimental velocity measurements. Dynamic analyses were
conducted to calculate the angular velocity and acceleration of the detector under different initial velocities
during collisions. The findings are summarized as follows:

The thrust exerted by the spherical internal detector demonstrated a positive correlation with the ratio of
the ball-to-pipe diameter r. Notably, at an excessively high ratio (r = 0.8), the flow velocity in the wake region
of the detector sharply decreased from 3.4 m/s to 1.5 m/s. This significant reduction in flow velocity was likely
to induce rolling and collision of the detector. Conversely, when the ratio increased, the fluid velocity around
the detector markedly rose from 2.1 m/s (r = 0.4) to 3.7 m/s (v = 0.8). These variations in radial velocity could
lead to increased angular acceleration during collisions.

The increase in initial flow velocity had a less pronounced effect on the thrust of the detector compared to
the diameter ratio r. Furthermore, higher flow velocities (2.5 m/s) tended to induce turbulence and instability
within the flow field, which in turn affected the pose and motion pattern of the spherical internal detector.

At an initial flow velocity of 1.5 m/s, the spherical internal detector reached its maximum angular velocity
(1.2 rad/s) and acceleration (0.45 rad/s?) within a straight pipeline. When navigating through a 60° elbow, the
maximum angular velocity and acceleration escalated to 3.6 rad/s and 0.65 rad/s? respectively. Structural
changes in the flow channel intensified collisions between the detector and the pipeline’s inner wall. Simply
increasing the initial flow rate to improve navigability could potentially reduce the service life of the detector.

The current research was limited to analyzing the trafficability of spherical internal detectors in 60° elbows
under the condition that the water was the transport medium in the pipeline. In subsequent work, multiple
rounds of experiments will be conducted to validate the performance of the spherical internal detector (= 0.6)
in 90° elbow and T-junction configurations under the condition that gas is the transport medium. These studies
will focus on optimizing the dynamic motion characteristics of the detector while ensuring its navigability and
extending its operational lifespan.
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