
Citation: Yan, H.; Niu, H.; Chang, Q.;

Zhao, P.; He, B. Study on Dynamic

Characteristics of Pipeline Jet

Cleaning Robot. Actuators 2024, 13, 49.

https://doi.org/10.3390/act13020049

Academic Editors: Zhuming Bi and

Bing Li

Received: 28 November 2023

Revised: 16 January 2024

Accepted: 24 January 2024

Published: 26 January 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

actuators

Article

Study on Dynamic Characteristics of Pipeline Jet Cleaning Robot
Hongwei Yan * , Hailong Niu, Qi Chang, Pengyang Zhao and Bolong He

School of Mechanical Engineering, North University of China, Taiyuan 030051, Taiwan;
sz202202015@st.nuc.edu.cn (H.N.); 18635155027@163.com (Q.C.); s202102049@st.nuc.edu.cn (P.Z.);
sz202102014@st.nuc.edu.cn (B.H.)
* Correspondence: aweigeyan@nuc.edu.cn

Abstract: With the passage of time during pipeline operation, a substantial number of impurities
accumulate and adhere to the inner wall of the pipeline. This deposition hinders the pipeline’s ability
to function correctly, thereby posing significant hidden risks to people’s lives and the safety of their
property. This article focuses on employing pipeline robots for internal cleaning. It examines the jet
cleaning process of the spiral-driven pipeline inspection and cleaning robot, aiming to determine the
optimal motion state and cleaning parameters for the device within the pipeline. The findings are
verified and analyzed through experiments. It was observed that the cleaning effect is enhanced, with
a target surface distance of approximately 12- to 13-times the diameter of the nozzle outlet (around
25 mm). In addition, an incident angle of 15◦ yields favorable cleaning results, with a maximum
shear force exerted on the target surface of approximately 0.11 MPa. Ensuring that the pipelines
operate reasonably and stably, thus guaranteeing their safe functioning and preventing significant
economic and environmental damage, holds immense value.

Keywords: jet cleaning; target distance; incidence angle; simulation analysis; experimental verification

1. Introduction

In recent years, the escalating human demand for resources has propelled pipelines
to the forefront as the primary means of transporting various fluid media. This surge is
primarily attributed to their outstanding transportation capacity and the characteristic of
occupying minimal land area [1–3]. However, frequent pipeline accidents arise due to
harsh environmental conditions and human interference. The challenges faced include
material deposition, leading to blockages [4]. The primary structural defects observed in
pipelines encompass nine distinct types: cracking, deformation, displacement, disjunction,
leakage, corrosion, rubber ring shedding, concealed connections in branch pipes, and
foreign object intrusion [5,6]. Consequently, there is an urgent need to develop adaptive
pipeline robots capable of effectively monitoring faults and clearing debris to ensure the
sustainable operation of this critical infrastructure [7–9].

In practical situations, pipeline inspections and maintenance often require access to
the inaccessible internal pipeline environment. This process tends to be complex and chal-
lenging. Manual cleaning methods are limited by confined spaces, making comprehensive
cleaning difficult to achieve [10–12]. Water jet cleaning technology effectively addresses this
challenge, with the cleaning process comprising two steps: dredging and cleaning. This is
aimed at eliminating foreign substances and maintaining pipeline cleanliness. Furthermore,
the impact of water jet cleaning varies depending on the impurity material, primarily
classified into crushing and infiltration-based cleaning approaches [13–15]. Substituting
water with a protective liquid can provide effective protection, ensuring the safe operation
of the pipeline.

Germany’s Rosen team created a practical and innovative pipeline robot for inspecting
and cleaning long-distance pipelines. It works well in pipe diameters of 800 mm to 1600
mm, effectively removing dirt and blockages through water spraying and high-pressure
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airflows. This article focuses on researching the dynamic characteristics of these jetting and
cleaning robots. However, the accuracy of pipeline feature extraction needs improvement,
and there are difficulties in position correction during long-distance applications [16,17].
Tokyo Electric Company conducted a functional study on PIG robots, which are intelligent
devices capable of autonomously traversing pipelines and equipped with sensors and
equipment for detecting and collecting pipeline data, but actual experimental results and
comparative analyses are not provided, resulting in a lack of performance evaluation
for the proposed spiral curve gait design [18]. Kwon and his colleagues introduced a
wheeled pipeline robot designed for indoor DN80–DN100 pipeline inspection. The robot
utilizes differential drive and a spring-loaded four-bar mechanism to expand and grip the
pipeline wall. However, there are also difficulties in controlling the contact surface during
the gripping arm process [19]. Atsushi Kakogawa developed a spiral-driven pipe robot
with a path selection mechanism [20]. Ori Inbar et al. proposed a robot called RSTAR
medium-speed search and rescue that can climb inside circular and rectangular pipes
and utilize stretching mechanisms to overcome obstacles. However, its speed, durability,
and carrying capacity cannot easily meet the demands of emergency search-and-rescue
operations [21]. Heesik Jang proposed a robot called MRCIPECT, consisting of four drive
modules and an adhesive module. The drive module can be driven individually and
rotated by a track to track the robot system [22]. Hadi et al. proposed a conceptual
design of a microrobot for pipe inner-wall inspection to detect and repair faults in pipes
and narrow ducts in industry. However, there are also limitations related to the elastic
materials used and the impact of environmental factors on the travel speed [23]. Jang
Heesik proposed a buried pipe inspection robot that can be used for pipes with a diameter
of 0.5 m. The robot navigates slopes using tracks and pressing mechanisms to generate
high traction. The tracked design increases the contact area with the pipeline, providing
greater friction and traction compared to wheeled robots, ensuring reliable operation [24].
Japan’s Toshiba Corporation proposed the pipeline maintenance robot KANTARO, which
adapts to different pipe diameters through the expansion and telescopic features of the
electric cylinder and the change in the angle of the drive wheel. It also proposes adjusting
spring stiffness and preload when the robot cannot advance steadily, as well as modifying
structural dimensions when the robot collides with the pipeline’s inner wall. However, it
lacks verification in practical applications [25]. Scholars Wei Yang and others proposed a
wheeled pipeline robot that utilizes the adhesion and discharge of a reactive electromagnetic
magnet to switch between linear and spiral driving modes for navigation inside pipelines.
By utilizing the energizing and de-energizing of a fail-safe electromagnet to switch between
direct-wheel drive and spiral drive modes, this method fully leverages the advantages
of different driving methods and is very worthy of study [26]. Scholar Cao Shujian et al.
proposed a peristaltic sewage pipe cleaning robot for DN400 controlled by a hydraulic
system through modular design. Compared to hydraulic drives, spiral drives offer better
stability and adaptability in certain applications, such as traversing uneven or soft terrain.
Additionally, hydraulic drives require higher maintenance costs [27]. Hongwei Yan and his
team proposed an adaptive leakage plugging robot and further optimized and developed a
spiral robot for pipeline inspections, aiming to address the issue of leakage sealing within
pipelines. Although the spiral-driven pipeline inspection robot offers innovative features,
its performance may be limited in terms of speed and load capacity, potentially affecting
its practicality in various operational scenarios [28,29]. Kwon et al. created a wheeled
pipe robot for inspecting indoor pipes. It utilizes a four-bar mechanism with a spring-
loaded differential drive to grip the pipe wall. Interconnected modules with springs enable
coordinated navigation in difficult sections. However, this design might challenge the
stability and durability under high load conditions or in extreme environments [30–32].

Reviewing past research, there are still challenges of insufficient driving force in robots
and unclear detection and cleaning effects. This paper focuses on a spiral-driven robot
designed for inspecting and cleaning pipelines, with contents divided into sections on
structural design, water jet analysis, simulation analysis, and experimental comparative
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analysis. This study aims to provide theoretical insights for safe pipeline operations and
cleaning procedures, with a particular emphasis on addressing challenges in internal
cleaning.

2. Pipeline Inspection and Cleaning Robot Mechanism Design

According to the operation of the assembly line, I propose the following robot perfor-
mance parameters, as shown in Table 1 below

Table 1. Performance parameters of robot.

Technical Parameter Parameter Value

Pipe diameter DN180–DN220
Total length of the drive unit l ≤ 600 mm

Total robot length L ≤ 1500 mm
Total mass m ≤ 10 kg

Maximum inspection speed v ≥ 3 m/min
Drive unit no-load traction F ≥ 35 N

The bias angle of the screw drive wheel θ adjustment range 0◦–89◦

Jet medium density 998 kg/m3

To meet these design requirements, our goal is to create a modular spiral-driven
pipeline inspection and cleaning robot.

2.1. Drive Unit Structure Design

Figure 1 below illustrates the structure of the drive unit that I designed independently,
including the screw bracket, motor and support module. Suitable for pipe diameters from
DN180 to DN220. The drive unit is mainly powered by a combination of energy chain and
battery power. The movement is spiral-shaped, and the main adaptation method involves
a spring-reducer.
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Figure 1. Block diagram of the drive unit.

2.2. Structural Design of Water Cleaning Unit

The water jet cleaning unit is crucial for cleaning the interior of the pipeline. The
structure model depicted in Figure 2 is of my own design. When the robot encounters
an obstacle, the cleaning unit activates. A lifting mechanism, comprising links, nozzles,
and motor connecting blocks, adjusts the nozzle height through the axial movement of the
hollow spiral motor. The nozzle can rotate and adjust the jet direction within a range of 0
to 80 degrees.
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When the robot approaches a pipeline section for cleaning, it halts, and the clean-
ing unit activates. The isolation airbag swiftly inflates, aided by the rotational support
structure, ensuring uniform inflation. This isolates the robot’s drive unit from the cleaning
unit, preventing interference during the cleaning jet process. The lifting-support housing,
support-positioning airbag, and supporting-side end cover collectively create a stable sup-
port module for the cleaning unit. This design minimizes potential issues from cantilevered
support during cleaning operations. Simultaneously, the airbag’s inflation and contact with
the pipe wall enable precise and stable positioning, avoiding any adverse effects on device
operation from reactive forces during jet cleaning.

2.3. Clean Up the Collection Unit Structure Design

Figure 3 is the cleaning and collection structure model I designed, comprising three
modules: cleaning support, cleaning rotation, and cleaning collection. It provides a visual
representation of the structure of the cleaning and collection unit. A distinctive feature of
my design is the eccentric mounting of the rotation module and the collection module.
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As shown in Figure 4, the cleaning and collection module consists of ten components.
Its fundamental principle involves employing sweeping and negative-pressure suction to
clean and collect impurities within the pipeline.
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3. Dipping Water Jet Cleaning Model Analysis
3.1. Jet Velocity

Assuming the jet nozzle model as shown in Figure 6, water flows in from section 1-1
with jet velocity v1, section diameter d1, and section pressure p1. It flows out from section
2-2 with jet velocity v2, section diameter d2, and section pressurep2. Pressure is measured
in MPa, and velocity is measured in m/s. Applying the Bernoulli equation between the
two sections of the nozzle, we can obtain:

p1
ρ1

+
v2

1
2 = p2

ρ2
+

v2
2

2

ρu1dA1dt = ρu2dA2dt

u1dA1 = u2dA2∫
A1

u1dA1 =
∫

A2
u2dA2

(1)

Expressed in terms of average velocity: v1 A1 = v2 A2
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Solving, simultaneously, the exit jet velocity of the nozzle is obtained as:

v =

√√√√√ 2(p1 − p2)

ρ

[
1 −

(
d2
d1

)4
] (2)

The density of water, ρ, is 988 kg/m3. Substituting
(

d2
d1

)4
≈ 0 into the above equation,

we obtain:
Therefore, the jet velocity is:

v =

√
2(p1 − p2)

988
= 44.72

√
p (3)

Formula: v is the water jet velocity, in m/s; p is the water jet pressure, in Pa.
The jet flow rate is given by:

q = 44.72
√
(p1 − p2)×

πd2

4
= 11.18πd2

√
(p1 − p2) (4)

Formula: q represents the jet flow rate, measured in L/min, and d is the nozzle outlet
diameter, measured in mm.

The jet power is given by:

p = 11.18πqd2
√
(p1 − p2) (5)

The water jet power is influenced by the nozzle diameter and jet pressure, as indicated
by the above equation. With an increase in nozzle diameter, the jet power increases
exponentially; with an increase in jet pressure, the jet power increases with a square root
relation. Consequently, the change in nozzle diameter has a more significant impact on jet
power compared to jet pressure. This provides a theoretical basis for setting simulation
parameters in subsequent jet simulations.
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3.2. Water Jet Shear Force

The water jet has the maximum impact force at its center, with shear force increasing
outward and eventually decreasing to zero. Optimal cleaning occurs where shear force is
maximum, and at the jet center, shear force is zero, resulting in minimal cleaning volume.
The equation expressing wall shear force is:

τwx
ρK

= Fτ

(√
K

v

)( r
x

)m
(6)

Formula: τw represents the wall shear force; m is a constant; x is the distance to the
target surface; r is the distance from any point on the wall to the center; Fτ

(√
K

v

)
is a

function of the initial jet Reynolds number.
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Figure 7 depicts an immersion-type water jet cleaning schematic. Line AB represents
the pipe wall’s axial direction. A jet with velocity V1 and density ρ horizontally enters
the pipe wall. After colliding, it exits on both sides (A and B) at speeds V2 and V3, with
atmospheric pressure (P2 = P3 = Pa). The angle with the AB pipe wall is θ. The jet-AB pipe
wall intersection serves as the circle center, with the vertical AB pipe wall as the y-axis. The
equation A1 = A2 + A3 holds, regardless of jet compression.
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Its energy equation is:

∫
A

(
→
n ·

→
V
)(

V2

2
+

p
ρ
+ U

)
ρdA = 0 (7)

Formula: U units of mass potential energy; V is the jet velocity.
From the continuity equation, we obtain:∫

A

ρ(n · V)dA = − ∂

∂t

∫
A

ρdτ (8)

The jet pressure along the wall can be expressed as:

p = pa + (p − pa) (9)

The resultant force F of the target surface is:∫
A

→
padA = −

∫
(Aa+Ab+A1+A2+A3)

→
n pdA

= −
∫

(Aa+Ab+A1+A2+A3)

→
n padA

−
∫
Ab

→
n [pa + (p − pa)]dA

= −
∫

(Aa+Ab+A1+A2+A3)

→
n padA

−
∫
Ab

→
n (p − pa)dA

=
→
j
∫
Ab

(p − pa)dA

(10)

F = −Ff =
→
j
∫
Ab

(p − pa)dA (11)
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From zero mass force:∫
A

ρ
→
V
(→

V ·→n
)

dA =
∫
A1

ρV1 cos θV1

(
−

→
i
)

dA

+
∫
A1

ρV1 sin θV1
→
j dA

+
∫
A2

ρV2
→
i V2

→
j dA +

∫
A3

ρV3

(
−

→
i
)

V3dA

= −
→
i ρV2

1 A1 cos θ+

ρV2
1 A1 sin θ

→
j + A2ρV2

2

→
i +−

→
i ρA3V2

3

= −
→
i ρV2

1 (A2 − A1 cos θ − A3)

+ρV2
1 A1 sin θ

→
j

(12)

Since the assumption is a constant flow, there are:∫
τ

∂

∂t
(pV)dτ = 0 (13)

Substitute the above equations into the momentum equation:∫
τ

ρ
→
f dτ+

∫
A

pndA−∫
A

ρ

(→
V ·→n

)→
VdA = ∂

∂t

∫
τ

ρ
→
Vdτ = 0

(14)

This produces:

F = ρV2
1 (A2 − A3)

∫
τ

ρ
→
f dτ+

∫
A

pndA −
∫
A

ρ

(→
V ·→n

)→
VdA =

∂

∂t

∫
τ

ρ
→
Vdτ = 0 (15)

F =
→
i ρV2

1 (A2 − A1 cos θ − A3) + ρV2
1 A1 sin θ

→
j (16)

At the same time, because it is an ideal fluid, the force of the jet on the pipe wall can
only be perpendicular to it.

Ff = ρV2
1 A1 sin θ

→
j (17)

Due to the small diameter of the nozzle, when the jet hits the pipe wall, its force area
is roughly equal to the jet section A1, so the force per unit area of dirt is:

σf =
Ff

A1
= ρV1 sin θ (18)

where ρ is the density of the fluid; V1 is the velocity of the jet outlet; θ is the angle between
the jet axis and the tube wall.

High-pressure water jet cleaning effectively removes dirt by applying water pressure
exceeding the dirt’s ultimate pressure. This pressure breaks the dirt, while the jet’s shear
stress gradually washes away and removes the dirt from the surface.

From the above results, it can be seen that the stress σf of the high-pressure water
jet on dirt is related to factors, such as fluid density, jet outlet velocity, jet axis, and pipe
wall angle.

(1) Appropriately increasing the flow rate and angle can improve the cleaning perfor-
mance.

(2) The speed of the nozzle is proportional to the square root of the nozzle pressure, so
appropriately increasing the nozzle pressure can improve the cleaning effect.
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4. Simulation Analysis of Water Jet Cleaning of Robot Cleaning Device

To study the impact of various factors on water jet cleaning, a numerical simulation
model was designed using Workbench software. We created nozzle and pipe wall models
in SolidWorks, imported them into Fluent for fluid analysis, set the model to fluid mode,
employed modules for grid division with a cell size of 0.2, defined boundary grids at the
model’s edges, checked the 1,805,602 grids for negative volumes, and specified the nozzle
inlet as “inlet”, the surrounding fluid walls as “outlet”, and the pipe wall as “wall”. As
shown in Figure 8.
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In FLUENT, the 3D model was configured by adjusting parameters. The accuracy in
settings was crucial due to the two-phase interaction between the jet and the wall. After
determining the core count, the units were changed to millimeters in the main interface, and
dimensions were checked. Gravity was set to 9.8 m/s2. Initially, we chose the multiphase
flow simulation model, specifically the Euler Model suitable for high-pressure water jet
cleaning. This model considers two phases: water with a density of 998.2 kg/m3 and a
viscosity of 0.001 kg/(m·s) and air with a density of 31.225 kg/m3, without considering the
impact of slip velocity.

Set the control equation of the device as:

∂

∂t
(ρm) +∇

(
ρm

→
Vm

)
= m (19)

Formula:
→
Vm is the average velocity of the mass, and ρm is the density of the mix.

The momentum equation for a mixed model is expressed as:

∂
∂t (ρm
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)
=

−∇P +∇
[

µm

(
∇

→
Vm

)
+ µm

(
∇

→
V
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m

)]
+ρm

→
g +
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(
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∑
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αkρk

(→
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)) (20)

In the above equation, n is the number of phases of 2;
→
F is the volumetric force; ρm is

mixed viscosity.
Thus, the water jet spraying state is turbulent. The sStandard k − ε model is used in

this case. The turbulent kinetic energy k and dissipation rate ε equations for the sStandard
k − ε model are given in the following form:

ρ
dk
dt

=
∂

∂xi

[(
µ +

µt

δk

)
∂k
∂xi

]
+ Gk + Gb − ρε − YM (21)
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ρ dk
dt = ∂

∂xi

[(
µ + µt

δk

)
∂k
∂xi

]
+

G1ε
ε
k + (Gk + G3εGb)− G2ερ

ε2

k

(22)

Formula: Gk is generated by turbulent kinetic energy caused by the average velocity
gradient; Gb is the turbulent energy generated due to the influence of buoyancy; YM is the
effect of compressible turbulent pulsation expansion on the total dissipation rate.

The formula for the turbulent viscosity coefficient is:

µt = ρCµ
k2

ε
(23)

In the equation above, Cµ is the coefficient of viscous diffusion, C1ε = 1.44, C2ε = 1.92;
k is the turbulent kinetic energy, and the turbulent Prandtl number for δk is 1.0; ε is the
dissipation rate, and the turbulent Prandtl number for δε is 1.3.

The nozzle inlet pressure is set to 30 MPa; the outlet pressure is set to 0 MPa. The
initial water phase fraction is set to 1. Local initialization is performed at the jet inlet. The
iteration steps are set to 1000, and the residual is set to e−6.

4.1. The Impact of Jet Pressure on Cleaning Efficiency

We assess cleaning efficiency by altering jet pressures, maintaining a constant nozzle
diameter of 2 mm and an outlet straight section length of 3 mm. The target distance remains
fixed at 25 mm, with an incident angle set at 0◦. We progressively vary jet pressures from
20 MPa to 60 MPa. In these conditions, we analyze the impact force on the target surface
and the magnitude of the jet shear force to evaluate the effect of water jet pressure on
cleaning efficiency.

Figure 9 depicts the impact force distribution on the target surface at water jet pressures
of 20 MPa, 30 MPa, 40 MPa, 50 MPa, and 60 MPa.
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Observing the impact force distribution on the target surface, as depicted in Figure 9
for water jet pressures of 20 MPa, 30 MPa, 40 MPa, 50 MPa, and 60 MPa, it becomes evident
that with higher jet pressure, the maximum impact force on the target surface steadily
rises. This signifies an enhanced capacity to dislodge contaminants and a more pronounced
cleaning effect.

Figure 10 presents the jet shear force distribution at various water jet pressures (20 MPa,
30 MPa, 40 MPa, 50 MPa, and 60 MPa). With increasing pressure, the maximum shear
force gradually rises, indicating improved removal of contaminants and more efficient
cleaning. Since jet cleaning primarily targets non-consolidated materials within the pipe,
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a jet pressure of 20 MPa suffices for effective cleaning. Nevertheless, to strike a balance
between energy efficiency and thorough cleaning, we opt for a jet pressure of 30 MPa. In
summary, modest increases in jet pressure enhance cleaning effectiveness while minimizing
the potential for damage to the pipe wall.
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4.2. Influence of Jet Target Distance on Cleaning Effect

Figure 11 illustrates a cleaning model for the target surface with a 2 mm nozzle outlet
diameter and a 3 mm straight length from the nozzle outlet. The jet angle is set at 0 degrees,
and the inlet pressure remains constant at 30 MPa. Through the variation in the target
surface distance, we analyze its impact on jet impact force, shear force, and the area of
effective cleaning. The optimal cleaning condition within the specified parameters is
identified by optimizing the target surface distance.
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Figure 11. Target clearance model.

In this simulation, the adjustment of the jet target distance is primarily achieved
through the lifting mechanism of the jet cleaning unit, with a maximum height of approxi-
mately 120 mm. As a result, our focus will be on investigating the jet cleaning process at
distances of 10 mm, 20 mm, 30 mm, and 40 mm.

Figure 12 illustrates the pressure variation trend at these target distances. The data
reveal that as the flow velocity along the jet axis decreases, the pressure on the target
surface gradually increases. Furthermore, this pressure increase intensifies with decreasing
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velocity, indicating the conversion of water jet kinetic energy into impact energy on the
target surface.
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Figure 12 illustrates that as the target distance increases, the maximum impact force
on the target surface gradually decreases. At a target distance of 40 mm, this force falls
below 13.7 MPa, which is approximately 45% of the initial pressure, indicating a significant
pressure drop. Consequently, this case will not be further considered. At a target distance
of 30 mm, the maximum impact force reaches nearly 16.7 MPa, accounting for about 55.7%
of the initial pressure. Similarly, at a target distance of 20 mm, the force reaches nearly
25.8 MPa, representing approximately 86% of the initial pressure.

Figure 13 illustrates the impact pressure distribution on the target surface, with the
highest pressure occurring at the nozzle center. As the distance from the center increases,
the impact pressure gradually decreases. The curve of impact pressure on the target surface
peaks at the jet center and gradually diminishes on both sides.
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Referring to Figure 13, for dirt removal requiring pressures within the 0–12.5 MPa
range, a 30 mm target distance is ideal, providing a larger cleaning area and efficient dirt
removal. For pressures exceeding 12.5 MPa, a 10 mm target distance is preferable due to
higher water jet pressure, lower pressure loss, and a larger jetting area compared to 30 mm.
If cleaning pressure exceeds 17 MPa at a 30 mm target distance, the maximum water jet
pressure on the pipe wall is 16.7 MPa, insufficient for effective dirt removal.

Referring to Figure 14, it illustrates the radial shear force distribution on the target
surface. The maximum shear force coincides with the jet center, where the impact force
reaches its peak. Wall shear stress is minimal at the jet center and increases with the
distance from it. Along the jet center direction, there are two peaks, signifying the location
of maximum shear stress and the most efficient cleaning area. Shear force decreases rapidly
towards the jet center and gradually as you move away from the nozzle center, forming a
symmetric “M” shape at different target distances.
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Figure 15 illustrates the change in effective cleaning width on the target surface at
various target distances. Irrespective of the dirt cleaning pressures, the effective cleaning
width initially decreases and then increases as the nozzle outlet distance increases. At
a dirt cleaning pressure of 10 MPa, the cleaning width measures approximately 5.2 mm.
With increasing cleaning pressure, the effective cleaning width steadily decreases while
maintaining the consistent trend of an initial increase followed by a decrease.
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In summary, reducing the target distance can elevate the pressure exerted on the
pipe wall, potentially causing more surface damage. Therefore, it is crucial to choose the
right pressure levels for cleaning various materials and opt for suitable target distances to
enhance cleaning efficiency. Employing a single high-pressure water jet for cleaning allows
for a larger cleaning area, thereby improving effectiveness. To strike a balance between
high-pressure flushing and flushing range, it is advisable to maintain a target distance of
approximately 25 mm, which is around 12–13-times the nozzle outlet diameter.

4.3. The Effect of Inclination Angle on Cleaning Effectiveness

When the nozzle sprays at an angle, the cleaning effect varies on two sides: the side
aligned with the jet direction receives intense cleaning, while the opposite side experiences
lower intensity. Nevertheless, when the jet strikes the surface at an inclined angle, both
the impact force and velocity on the target surface are modified. Figure 16 illustrates the
cleaning model for a target surface with an inclined angle.

Actuators 2024, 13, x FOR PEER REVIEW 15 of 22 
 

 

 
Figure 15. Change in effective cleaning width of target surface under different target distances. 

In summary, reducing the target distance can elevate the pressure exerted on the pipe 
wall, potentially causing more surface damage. Therefore, it is crucial to choose the right 
pressure levels for cleaning various materials and opt for suitable target distances to en-
hance cleaning efficiency. Employing a single high-pressure water jet for cleaning allows 
for a larger cleaning area, thereby improving effectiveness. To strike a balance between 
high-pressure flushing and flushing range, it is advisable to maintain a target distance of 
approximately 25 mm, which is around 12–13-times the nozzle outlet diameter. 

4.3. The Effect of Inclination Angle on Cleaning Effectiveness 
When the nozzle sprays at an angle, the cleaning effect varies on two sides: the side 

aligned with the jet direction receives intense cleaning, while the opposite side experi-
ences lower intensity. Nevertheless, when the jet strikes the surface at an inclined angle, 
both the impact force and velocity on the target surface are modified. Figure 16 illustrates 
the cleaning model for a target surface with an inclined angle. 

 
Figure 16. Cleaning model of inclined target surface. 

While studying the variations in impact force and velocity on the target surface, we 
analyze different jet incidence angles, considering parameters, such as a 2 mm nozzle out-
let diameter, a 5 mm straight segment length, and a 25 mm target surface distance. 

Figure 17 illustrates pressure curves at varying incidence angles, showing a gradual 
decrease in impact pressure on the target surface with increasing incidence angle. Velocity 
and pressure cloud maps are presented for nozzle tilt angles of 5°, 10°, 15°, 20°, 25°, and 
30°, all at a target surface distance of 25 mm. 

Figure 16. Cleaning model of inclined target surface.

While studying the variations in impact force and velocity on the target surface, we
analyze different jet incidence angles, considering parameters, such as a 2 mm nozzle outlet
diameter, a 5 mm straight segment length, and a 25 mm target surface distance.

Figure 17 illustrates pressure curves at varying incidence angles, showing a gradual
decrease in impact pressure on the target surface with increasing incidence angle. Velocity
and pressure cloud maps are presented for nozzle tilt angles of 5◦, 10◦, 15◦, 20◦, 25◦, and
30◦, all at a target surface distance of 25 mm.
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Figure 17. Impact pressure curve at different incidence angles.

At a 5◦ tilt angle, the target surface pressure is approximately 19.38 MPa, indicating
a 9.3% pressure reduction compared to a vertical jet. The pressure decreases to around
17.89 MPa at a 10◦ tilt angle, resulting in a 16.2% reduction. A 15◦ tilt angle results in a
pressure of about 15.97 MPa, reflecting a 25.2% decrease. For a 20◦ tilt angle, the pressure is
15.1 MPa, representing a 29.3% reduction. At a 25◦ tilt angle, the pressure is roughly 14.86
MPa, signifying a significant 30.4% pressure drop. The pressure decreases to around 13.73
MPa at a 30◦ tilt angle, resulting in a 35.7% reduction compared to a vertical jet.

The maximum impact force on the target surface is achieved at a 25◦ incidence angle,
corresponding to a pressure of 14.86 MPa.

In summary, it is evident from the cloud maps that the incidence angle has a signifi-
cantly lesser effect on the jet’s impact force when compared to the target distance.

The analysis suggests that to reduce the jet impact force to 15 MPa, it is recommended
to use a nozzle tilt angle of around 20◦. Adjusting the nozzle tilt angle during jet wall
cleaning can improve the efficiency. Figure 18 displays the maximum shear force curves at
different incidence angles.

Actuators 2024, 13, x FOR PEER REVIEW 16 of 22 
 

 

 
Figure 17. Impact pressure curve at different incidence angles. 

At a 5° tilt angle, the target surface pressure is approximately 19.38 MPa, indicating 
a 9.3% pressure reduction compared to a vertical jet. The pressure decreases to around 
17.89 MPa at a 10° tilt angle, resulting in a 16.2% reduction. A 15° tilt angle results in a 
pressure of about 15.97 MPa, reflecting a 25.2% decrease. For a 20° tilt angle, the pressure 
is 15.1 MPa, representing a 29.3% reduction. At a 25° tilt angle, the pressure is roughly 
14.86 MPa, signifying a significant 30.4% pressure drop. The pressure decreases to around 
13.73 MPa at a 30° tilt angle, resulting in a 35.7% reduction compared to a vertical jet. 

The maximum impact force on the target surface is achieved at a 25° incidence angle, 
corresponding to a pressure of 14.86 MPa. 

In summary, it is evident from the cloud maps that the incidence angle has a signifi-
cantly lesser effect on the jet’s impact force when compared to the target distance. 

The analysis suggests that to reduce the jet impact force to 15 MPa, it is recommended 
to use a nozzle tilt angle of around 20°. Adjusting the nozzle tilt angle during jet wall 
cleaning can improve the efficiency. Figure 18 displays the maximum shear force curves 
at different incidence angles. 

In Figure 18, the maximum shear force on the target surface initially rises, then de-
creases with increasing incidence angle. It remains relatively stable between 15° and 20°, 
peaking at 25°. A very small angle yields minimal shear force and a narrow shear zone, 
while an overly large angle causes significant energy loss in the jet. With increased angle, 
the maximum shear action zone expands. The findings suggest that at an incidence angle 
of 15–20°, the maximum shear force on the wall surface is around 0.11 MPa. 

 
Figure 18. Maximum shear force curve at different incident angles. Figure 18. Maximum shear force curve at different incident angles.

In Figure 18, the maximum shear force on the target surface initially rises, then
decreases with increasing incidence angle. It remains relatively stable between 15◦ and 20◦,
peaking at 25◦. A very small angle yields minimal shear force and a narrow shear zone,
while an overly large angle causes significant energy loss in the jet. With increased angle,
the maximum shear action zone expands. The findings suggest that at an incidence angle
of 15–20◦, the maximum shear force on the wall surface is around 0.11 MPa.
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Referring to Figure 19, when the jet enters at a specific angle, the impact force curve
on the target surface becomes asymmetrical and shifts in the direction of the jet. This leads
to a larger cleaning area along the jet direction, as opposed to the opposite direction.
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Figure 20 shows the variation in the effective cleaning area on the target surface at
different jet angles. Based on the analysis from the previous figure, it is evident that the
effective cleaning width of the target surface remains fairly consistent when the incidence
angle is between 0◦ and 15◦. However, as the incidence angle gradually increases, the
effective cleaning width decreases. At a cleaning pressure of 15 MPa, the cleaning width
becomes zero for incidence angles between 20◦ and 30◦. Therefore, to ensure a larger
effective cleaning area, it is advisable to maintain an incidence angle of approximately 15◦.
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In summary, a 15◦ incidence angle is recommended for achieving the desired jet impact
force to dislodge dirt, maintaining ample wall shear force and increasing the effective
cleaning width on the surface, thus enhancing cleaning speed. This angle ensures optimal
jet cleaning performance.

5. Experimental Study on Characteristics of Robot Water Jet Cleaning
5.1. Establishment of the Experimental Platform for Pipeline Robot Water Jet Cleaning

Water jet cleaning effectively removes impurities from pipelines. An experimental
platform will be set up to investigate the impact of parameters on cleaning performance.
This platform comprises a high-pressure water pump, a cleaning robot section, and electrical
control equipment (see Figure 21).
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Currently, there is no standardized method for assessing scale removal quality in
pipeline cleaning. Due to pipeline constraints, measuring factors like cleaned area and
effective cleaning width post-water jet cleaning is challenging, making it difficult to evaluate
experimental results. To mitigate the impact of subpar pipeline conditions, a 1 kg blend of
sand and cement was employed to mimic internal debris. Although this mixture does not
fully replicate real-world debris accumulation, varying proportions of the blend can tailor
the necessary pressure for effective dirt removal, creating a simulated cleaning environment
within the pipeline.

5.2. Cleaning Experiment Process

(1) Follow the design to assemble the experimental setup. Connect the drive unit to
the water jet cleaning unit and link the high-pressure water pump to the cleaning
unit. Inspect pipeline seals to prevent high-pressure water hose detachment during
cleaning.

(2) Place the apparatus within the pipe and refine the robot’s movement for water jet
cleaning. Inflate the isolation airbag to prevent interference. Adjust the water jet’s
rotation speed and occasionally change the motor rotation direction to prevent hose
tangling. After completing one full cleaning cycle, deflate the airbag, and move the
apparatus forward by one width for the next cycle. Continue this process until all dirt
is thoroughly removed.

(3) Subsequently, dry the pipes meeting the standards and measure the quality difference
before and after cleaning.

(4) Lastly, the experimental pipes undergo multiple cleaning cycles to ensure thorough
dirt removal. Additionally, an anti-rust treatment is applied to prevent corrosion.

5.3. Experimental Analysis
5.3.1. Experimental and Simulation Analysis

The impact force is a crucial factor in determining the effectiveness of jet cleaning,
making it highly valuable for jet cleaning applications. Utilizing the established experimen-
tal platform and cleaning process description, the following experiments were conducted.
Under a pressure of 30 MPa, the impact forces at different target distances from 20 to 30 mm
were measured using a pressure sensor with a jet angle of 0◦. This resulted in experimental
and simulation comparison charts of the impact force on the target surface at various
distances. With the target distance fixed at 25 mm, the jet angle was adjusted to 15◦~25◦ to
obtain the corresponding impact force values on the target surface. The experimental and
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simulation comparison chart of the impact force on the target surface at 30 MPa is shown
in Figure 22.
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Figure 22 illustrates that with increasing target distance and jet angle, the impact force
on the target surface decreases gradually. Both the experimental and simulated values
exhibit a similar trend, but the gap between them widens with greater target distances and
angles. This difference can be attributed to factors like pressure variations and experimental
conditions. Based on these results, it can be concluded that the target distance has a more
substantial impact compared to the jet angle.

5.3.2. Experimental Fluid Resistance

When the device performs jet cleaning operations inside the pipeline, the fluid origi-
nally accumulated at the bottom of the pipeline, and the liquid generated by the jet will
exert a certain resistance to the movement of the device, known as fluid resistance. The
formula for calculating fluid resistance F is as follows:

Fj =
1
2

cAPw(vr + vw)
2 (24)

Formula: c is the fluid resistance coefficient; A represents the effective cross-sectional
area; Pw is the density of the medium; vr is the operating speed of the device; vw is the
velocity of the medium.

We Assume a liquid flow velocity of approximately 0.5 m/s inside the pipe, a robot
movement speed of 0.05 m/s, operating in a DN200 steel pipe, with a fluid viscosity of
1.005 × 10−3 Pa, fluid resistance coefficient of 1.2, and an effective cross-sectional area of
0.01 m2. In this scenario, the fluid resistance Fj is 3.1 N.

We can adjust the motor and drive wheels to regulate the robot’s speed. Increasing the
motor speed and wheel steering angle enhances operational speed. Maintaining the same
wheel steering angle during straight pipe operations ensures smooth running.

5.3.3. Experimental Analysis of Pipeline Jet Cleaning

The jet cleaning experiment investigates various parameters. Table 2 presents the
experimental results for jet cleaning, conducted at jet pressures of 20 MPa and 30 MPa,
target distances of 20 mm, 25 mm, and 30 mm, and incident angles of 15◦ and 20◦. Each
experiment is conducted three times, and the average value is computed.

The analysis suggests that jet pressure significantly impacts cleaning effectiveness.
The results consistently demonstrated better cleaning performance at 30 MPa compared to
20 MPa. Furthermore, at 30 MPa, cleaning effectiveness was superior at a target distance of
25 mm compared to 20 mm. The experimental findings indicate that jet angle has the least
influence on the outcome. A jet angle of 15◦ effectively removes the dirt layer, but cleaning
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effectiveness diminishes when the angle is increased to 20◦. Considering overall cleaning
performance, it is recommended to use a jet pressure of 30 MPa, a target distance of 25 mm,
and a jet angle of 15◦ for pipe cleaning operations.

Table 2. Orthogonal table of jet cleaning experiment.

Working
Condition Pressure Target Distance Incident Angle Cleaning

Quality

1

20 MPa

20 mm 15◦ 73.4%
2 20 mm 20◦ 72.1%
3 25 mm 15◦ 72.6%
4 25 mm 20◦ 71.3%
5 30 mm 15◦ 66.6%
6 30 mm 20◦ 65.2%

7

30 MPa

20 mm 15◦ 83.6%
8 20 mm 20◦ 81.4%
9 25 mm 15◦ 86.7%
10 25 mm 20◦ 84.2%
11 30 mm 15◦ 74.6%
12 30 mm 20◦ 72.1%

6. Conclusions

(1) We propose a mechanical and water jet cleaning method to efficiently remove pipeline
impurities without causing damage to the pipes. The device employs scraping,
brushing, and suction to collect impurities within the pipeline.

(2) Higher jet pressure enhances shearing forces and improves cleaning efficiency. Apply-
ing greater pressure at a target distance of around 25 mm (12–13-times the nozzle exit
diameter) yields superior cleaning results.

(3) Adjusting the nozzle angle affects impact and shearing forces during cleaning. A 15◦

incident angle achieves optimal cleaning with a strong shearing force of approximately
0.11 MPa. Properly adjusting parameters like target distance and incident angle
significantly enhances jet cleaning efficiency.

(4) Using an in-pipe cleaning platform, the optimal cleaning conditions for the robot
were determined: 25 mm target distance and 15◦ incident angle. This research on the
spiral-driven robot provides a theoretical basis for pipeline cleaning, inspection, and
maintenance.

By establishing a model for a spiral-driven pipeline inspection and cleaning robot, we
successfully completed the prototype fabrication and the setup of a testing platform for
the robot. The results indicate that the optimal cleaning condition for the robot within the
pipeline is achieved at a jet pressure of approximately 30 MPa, a target distance of 25 mm,
and a jet incident angle of 15◦.
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