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Abstract: Robot’s speed fluctuation can greatly affect robot’s localization precision and detection accuracy. 
This study analyzes the factors affecting the speed of robot’s differential-pressure-driven in-pipe inspection in 
detailed, and, with the aid of dynamic grid technique by Fluent software, carries out numerical simulation of 
robot’s speed fluctuation processes. Simulation results show that abrupt change of frictional resistance and that 
of inlet velocity are the main causes of robot’s speed fluctuation, and the mass of robot can affect its amplitude 
of speed fluctuation. Proposes two ways to effective control the robot velocity fluctuations, there are benefits for 
providing a theoretical basis for further research pipeline inspection robot speed control system.  
Copyright © 2013 IFSA. 
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1. Introduction 

 

At present, there are 93000 kms pipelines in 
China, and the oil and gas pipeline network covering 
the whole China has preliminarily formed. It is 
expected that, in 2015, China's oil and gas pipeline 
mileage will reach 150,000 kms [1].  

With the passage of time, due to galvanic corrosion, 
fluid erosion, fatigue failure, pipe potential defects, 
natural and man-made factors, the diameter of pipelines 
may change, coupled with corrosion and mechanical 
crack, resulting in reduction of transmission efficiency 
and blockage or leakage, or even serious accidents such 
as fire and explosion [2-6]. These accidents may cause 
enormous economic loss, environmental pollution, 
ecological imbalance, etc.  

Robot for differential-pressure-driven in-pipe 
inspection is pushed by fluid pressure energy and 

kinetic energy and moves with the flow, requiring no 
additional energy supply, thus it is an ideal testing 
device [7-9]. But the obvious drawback is that the 
speed at run time there is a big fluctuation. Speed 
fluctuation process refers to the phenomenon that, 
when running smoothly in pipeline, the robot will 
inevitably change its speed or stop due to abrupt 
change of pipe wall friction, medium velocity, 
frequently changing flow from time to time and other 
factors. Its speed fluctuation will not only cause slip 
of the mileage wheel and inaccuracy of positioning 
data, but also affect the accuracy of detection probe 
measurement data, even damage robot parts and 
pipeline components, etc. In order to effectively 
control robot’s speed and better complete the 
detection task, it is necessary to study the robot  
speed fluctuation. 
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2. Causes of Pipeline Robot’s Speed 
Fluctuation 
 

2.1. Abrupt Change of Pipe Friction 
Resistance  

 
Pipeline robot contacts with inner pipe walls via 

supporting wheels, the pressure of supporting wheels 
on the inner pipe walls come from two sources:  

1) The pressure from interference assembly 
between the supporting wheels and the inner  
pipe walls, and it can be adjusted via the  
assembly interference; 

2) The pressure from mass of robot, it is not 
constant but varies with the pipe inclination angles. 
Ideally, the friction characteristics of pipe walls 
keeps stable, the pressure between supporting wheels 
and the pipeline wall keeps constant, the friction 
remains constant. In fact, after running for a period 
of time, the inner pipeline wall will show "waxing" 
[10], the valley of natural gas pipeline may hold 
accumulated liquid, and these will affect the friction 
coefficient of inner pipeline wall. In addition, 
pipeline defects and pipeline joints can draw more 
significant effect on the friction coefficient, and these 
areas can cause abrupt change of frictional resistance. 
The change makes the robot frictional force out of 
balance, causes slipping phenomenon, and leading to 
the robot's speed fluctuations. 

 
 

2.2. Abrupt Change of Flow Velocity at Inlet  
 
This type of robot immerses in fluid medium 

when working, and its movement is influenced by 
physical parameters of conveying fluid, such as its 
velocity, pressure, flow rate, density, etc. Under ideal 
conditions, physical parameters of fluid medium 
keep stable, the fluid pressure and flow rate remain 
constant, the pressure difference between both ends 
of the pipe robot is equal to the friction on robot, and 
the liquid moves at uniform speed. However, in the 
actual operation process, the physical parameters of 
fluid change from time to time, especially that abrupt 
change occurs to flow velocity at inlet, so that the 
pressure difference between both ends is not equal to 
the friction on robot, followed by acceleration and 
then robot’s instable speed.  

 
 

2.3. Abrupt Change of Pipe Inclination Angle 
 
Restricted by the terrain conditions, long 

pipelines are often laid along downhill or even in 
vertical manner. When the robot getting into and out 
of the inclined or vertical pipelines, the friction 
between robot and the pipe inner walls will change, 
and the axial force of robot will vary too, which 
causes change of robot’s driving force, and results in 
the change of speed. The larger of the tilt angle, the 
greater change of the force and speed [11].  

3. Dynamics Analysis of Robot in 
Horizontal Pipeline  
 
Fig. 1 shows the model of the physical map of the 

pipeline robot, it has the shell, flanges, end caps, 
sports wheels and supporting frame of five parts. 
Since the presence of the supporting frame, at the 
time of the robot is running in the pipeline, it can 
cause the tangential velocity around supporting 
frame, but this will soon be annihilated by axial 
velocity [12]. Therefore, we can consider the support 
frame removed, the robot simplified to a cylinder, the 
robot with the pipe becomes a symmetrical axis of 
rotation, so that the robot run in the pipeline can be 
simplified to a two-dimensional axisymmetric 
problem further.  

 
 

 
 

Fig. 1. The model of the physical map  
of the pipeline robot. 

 
Fig. 2 is the diagram to show pressure on robot in 

horizontal pipeline filled with medium.  
 
 

 
 

Fig. 2. Sketch of force analysis on robot. 
 
 
Ignore the radial and circumferential movement 

and the robot liquid buoyancy, its movement is 
simplified into one-dimensional, and, according to 
Newton's second law, its dynamic equation can be 
expressed as follows: 
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m : Mass of robot; 
v : Speed of robot; 

0 : Dynamic viscosity; 
l : Length of robots; 
R : Radius robot; 
x : Robot movement distance; 
S : Robot-side area; 

 : Friction coefficient; 

TN : Spring preload; 

 : Inclination angle of pipe 
( 90 90O O   ) 
The values in the equation can be actually 

measured or calculated according to the 
instantaneous flow parameters around the robot.  

It can be seen from the equation, the robot 
movement in a straight pipe, jointly affected by the 
fluid viscous forces and the pressure difference force, 
and axial component of robot’s gravity, and friction 
force of pipe. wherein each of the values can be 
measured or be calculated based on the field 
instantaneous parameters around the robot. The 
movement of the robot needs to obtain the driving 
force from its around flow field. In the case of water, 
its kinetic viscosity is 0.001kg / (ms), as the effect of 

the viscous forces ( 00
2

l
xdv

R dx
dr

  ) on the robot 

is very small, so it can be neglect. The pressure 
difference force acting on the robot by fluid not only 
influenced by the fluid flow, but also by the size of 
the end area of robot, the end area is larger, the 
greater the pressure differential across the robot, the 
greater the driving force to get. In addition, when 

0o  , the robot runs in a horizontal pipe, the axial 
component of robot’s gravity ( sinmg  ) is zero; 

when 0o < 90o  , the robot runs in the inclined 
climbing pipe, the axial component of robot’s gravity 
is in the opposite direction of robot movement, and 
obstructing the robot forward, and the greater the 
angle, the greater the axial component of robot’s 

gravity, if the robot can not get a sufficiently large 
difference pressure driving force, it can not overcome 
the axial component of robot’s gravity and friction 
force when increasing to a certain angle, the robot 

will be stuck; when < 90 0o o   , the robot runs 
in the downhill pipeline, the axial component of 
robot’s gravity is in the same direction with robot 
movement, driving the robot forward, and the greater 
the angle, the greater the axial component of robot’s 
gravity, if the frictional resistance can not overcome 
the axial component of robot’s gravity and difference 
pressure driving force, when increasing to a certain 
angle, the robot speed will rapidly increase, resulting 
in huge fluctuations. However, robot’s movement 
can change the boundary conditions of surrounding 
flow field, thus change the flow field distribution, 
followed a coupling motion by fluid and solid, thus it 
becomes more complicated to calculate. Therefore, it 
is necessary to simulate the robot’s movement 
influenced by surrounding flow field and friction 
force and exploring the laws of velocity fluctuations 
with the help of CFD dynamic mesh method.  

 
 

4. Numerical Simulation of Pipeline 
Robot’s Velocity Fluctuation 
 

4.1. Geometry Modeling and Grid Division  
of Robot 

 
To reduce the amount of calculation, base on the 

authenticity of flow field around the robot, according 
to the real structure characteristic of robot and 
pipeline, the robot and pipeline are simplified  
to 2-dimensional rotation symmetric structure, and 
building a two-dimensional calculation model. The 
robot length is 300 mm, and its diameter is 120 mm, 
inner diameter of pipeline is 150 mm. In the pre-
processing software of Fluent Gambit, computational 
mesh of robot’s surrounding flow field is  
generated (Fig. 3). 

 
 

 
 

Fig. 3. Mesh partition of the upper half part of robot and its surrounding. 
 
 
When moving in pipelines, the pipeline wall 

friction and the flow field parameters change from 
moment to moment, and the robot receives complex 
forces in inclined pipeline, thus it is difficult to 
accurately simulate these states; therefore, the speed 
fluctuation of robot in horizontal pipeline is 

simulated, and some simplifications and assumptions 
are made:  

1) The pipelines are fulfilled by flowing medium;  
2) Fluid medium is incompressible, with  

constant density;  
3) Axi-symmetric flow; non-time-varying flow; 
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4) The fluid viscous force is ignored;  
5) Mass force is negligible;  
6) Robot axis coincides with pipeline axis.  
 
 

4.2. Boundary Conditions and  
Calculation Methods  

 
Inlet conditions: the inlet of calculation area is 

turbulent fully developed with stable flow speed, 
which meets the laws of flow velocity distribution in 
turbulent pipelines, and the abrupt change of inlet 
flow velocity is controlled by UDF. 

Outlet conditions: the flow passes around the 
robot, and moves in long pipelines; it is assumed that 
flow field parameters have been stably distributed, 
with no change [12-13]. 

Wall conditions: values of all parameters on wall 
are determined by non-equilibrium wall function, and 
pipeline wall friction is controlled by UDF [14]. 

Calculation methods: unsteady pressure solver is 
adopted in calculation, Axi-symmetric structure and 
two standard k -  equation turbulence models are 
introduced, one-order upwind difference scheme 
disperse the equation to control flow field around the 
robot, then Simple algorithm is used for final 
calculation [14].  

 
 

4.3. Simulation Results and Analysis 
 
4.3.1. Effects of Friction Abrupt Change on 

Speed Fluctuation 
 
With water as medium, it is assumed that the 

initial friction of pipeline wall on robot is constant  
(8 N), the mass of robot is 3 kg, and the average 
velocity of fluid medium in pipeline is 0.8 m/s. The 
pipeline wall holds abrupt-changed friction resistance 
area with length of 5 mm, and its abruptly changed 
friction is set as 40 N and 1 N respectively. The robot 
achieves stable driven by fluid medium at first, then 
it passes by the abrupt change area, and the velocity 
change is displayed in Fig. 4. 

The figure demonstrates when the friction 
resistance abruptly changes to 40 N, the robot's speed 
drops sharply, because the friction resistance 
increases, and the driving force for robot decreases. 
Within 0.015 s, the robot’s speed declines from 
0.357 m/s to 0.334 m/s, and it passes by the abrupt-
change resistance area at -1.5 m/s2, then the driving 
force for robot restores, thus its speed sharply 
recovers, and a large velocity fluctuation zone forms 
within 0.03 s; when the friction resistance abruptly 
changes to 1 N, the robot’s speed rises sharply, 
because the friction resistance declines, the driving 
force on the robot recovers, and the robot goes 
through abrupt-changed resistance area within 
0.013 s. Getting out of the abrupt-changed resistance 
area, the robot’s speed gradually gets stable.  

 

 
 

(a) Frictional resistance changes abruptly to 40 N 
 

 
 

(b) Friction resistance changes abruptly to 1 N 
 

Fig. 4. Robot velocity curve when friction resistance 
changes abruptly. 

 
 

4.3.2. Effects of Inlet Velocity Abrupt Change 
on Speed Fluctuation 

 
With water as medium, it is assumed that the 

initial friction of pipeline wall on robot is constant 
(8 N), the mass of robot is 3 kg, and the average 
velocity of fluid medium in pipeline is 0.8 m/s. The 
robot achieves stable movement driven by fluid 
medium at first, then inlet velocity drops at 0.5 m/s, 
and 0.05 s later, inlet velocity suddenly rises to 
0.8 m/s; moving for some time, the robot achieves 
stable movement, and inlet velocity jumps suddenly 
at 1.0 m/s, and 0.05 s later, inlet velocity suddenly 
drops to 0.8 m/s. The specific change is shown  
in Fig. 5.  

 
 

 
 

Fig. 5. Robot velocity curve when inlet velocity  
abruptly changes. 
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According to the figure, when the inlet velocity 
drops to 0.5 m/s, the robot’s speed drops sharply 
from 0.37 m/s to 0.25 m/s, with acceleration  
of -2.4 m/s2. When the flow rate rises to 0.8 m/s, the 
robot’s speed rises sharply, and after a small peak, it 
rises to its initial stable speed. At 0.65 s, the fluid 
velocity increases to 1.0 m/s, the robot’s velocity 
increases from 0.34 m/s to 0.47 m/s within 0.05 s, 
with the acceleration of 2.6 m/s2. When the flow rate 
falls back to 0.8 m/s, the robot’s velocity decreases 
sharply at first and then gradually back to its initial 
stable speed. As can be seen from Fig. 5, the inlet 
velocity changed four times, each time makes the 
robot’s speed change abruptly. 

 
 

4.3.3. Effects of Robot Mass on Speed 
Fluctuation Process  

 
With water as medium, it is assumed that the 

initial friction of pipeline wall on robot is constant 
(8 N), and the average velocity of fluid medium in 
pipeline is 0.8 m/s. Three robots with different 
masses are driven stably, and they pass by resistance 
abrupt-change area with the length of 5 mm and the 
friction resistance of 40 N. Corresponding speed 
changes is illustrated in Fig. 6.  

 
 

 
 

Fig. 6. The robot velocity curve for different quality robots. 
 
 
The figure illustrates that, the larger the mass is, 

the smaller the robot’s velocity fluctuation amplitude 
is; on contrary, the smaller the mass is, the larger the 
robot’s velocity fluctuation amplitude is. Robot mass 
can draw great influence on the stability of robot 
speed. Therefore, under proper conditions, 
appropriately increased robot mass can enhance 
robot’s ability of anti-fluctuation.  

  
 

5. Effective Measures to Control the 
Robot Speed Fluctuation 
 
To effective control the speed of the robot, it is 

needs to set a speeder regulate equipment, to adjust 
the driving force and friction at real-time. 

5.1. Adjust Flow Orifice Regulating Speed 
 
The principle of adjust flow orifice is that 

installing a disc with a central orifice in front the 
robot, the size of orifice can be adjusted by an 
intelligent control system in real time. the smaller the 
orifice opening, the greater driving force the robot 
get for; the larger orifice opening, the smaller the 
driving it get for. When the robot speed is less than 
the setted stability speed, decreases the opening 
degree of the orifice; When the robot speed is greater 
than the setted stability speed, increasing the opening 
degree of the orifice. 

 
 

5.2. Friction Brake Regulating Speed 
 
The principle of friction brake regulating speed is 

that, adjusting the friction between the robot and the 
pipe wall in real-time. Theoretically, it can adjust the 
sizes of friction by adjusting the sizes of support 
wheel preload, but in actual operation, if the spring 
preload is too large, it is very easily to cause stuck 
phenomenon occurs when the robot running through 
a three-way and adjustable pipe, so an adjustable 
friction brake mechanism can be designed, as shown 
in Fig. 7. When the robot speed is too fast, the 
stepper motor pushes the speed wings opening, 
making the brake slider snap the pipe wall tightly, so 
as to increase the friction. The more tightly affixed, 
the greater the friction force is; contrary, contraction 
the speed wings. 

 
 

 
 

Fig. 7. Diagram of friction brake regulating organ. 
 
 

6. Conclusions 
 
This study analyzes the factors influencing the 

speed of robot for differential-pressure-driven in-pipe 
inspection, and carries out numerical simulation of 
robot’s speed fluctuation processes, based on 
previous similar researches, with the help of dynamic 
grid technique by Fluent software, then the laws of 
influence of various factors on robot’s velocity 
fluctuation process are summarized, and the causes 
of robot’s velocity fluctuation is illustrated. The 
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simulation results indicate that abruptly changed 
friction resistance and inlet velocity can cause great 
volatility to the robot’s speed, and robot’s inaccurate 
localization and detection is mainly caused by these 
fluctuations. This study provides theoretical basis for 
further study on the robot speed control system and 
realization of effective speed control.  
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