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Abstract. In order to a the flow of the plane flow field induced by the inner rod rotates and revolves in the 
cylinder, the Fluent software is used to numerically simulate the plane flow field of the eccentric annulus 
generated by the planetary motion of the rod string and based on the superposition principle. The velocity 
distribution and secondary flow of the two flow fields, as well as the fluid force on the inner rod are analyzed. 
The calculation results show that the flow field induced by the eccentric rotation of the inner rod and the self-
rotation of the outer cylinder is quite different from the planetary motion of the inner rod. When rotation of 
the inner rod has the same direction with the revolution direction, the fluid velocity distribution near the wall 
of the inner rod is that the velocity on the narrow space side of the annulus is large, and on the wide space 
side is small. There is a critical value of eccentricity for secondary flow appears when the eccentricity is 
greater than this value. When rotation of the inner rod is contrary to the revolution, the fluid velocity 
distribution near the wall of the inner rod is that the velocity on the wide space side of the annulus is large, 
on the narrow space side is small. Different eccentricity has obvious secondary flow phenomenon where 
appears in a wide gap and close to the inner rod. When the inner rod revolves, there is a critical value of 
eccentricity, the inner rod is pushed outward by the fluid force when the eccentricity is less than this critical 
value. On the contrary, the inner rod is pushed inward. When rotation and revolution are reversed, the critical 
value of eccentricity increases, when the rotation and revolution are in the same direction, the critical value 
of eccentricity decreases.

1 Introduction 

In the process of oil production in surface-driven screw 
pump wells, the movement of sucker rod in the tubing is 
rotation around its own axis and revolution around the 
tubing axis[1]. Previous studies on flow laws in eccentric 
annuli mainly focused on Couette flow induced by 
eccentric rotation of inner rod[2-4], Poiseuille flow in 
eccentric annuli[5-10], and spiral flow combined with 
both[11-16]. These studies have a large gap between the 
working conditions of the screw pump rod string and the 
drill string rotating in the drilling fluid, and the research 
on the complex flow field induced by the planetary motion 
of the inner rod in the circular tube that is close to the 
actual working condition very few[17]. Among them, Cui 
Haiqing [18-23]transformed the equation into a bipolar 
coordinate system for solution, and performed detailed 
calculations on the eccentric annular flow field of the inner 
rod executing a planetary motion. However, these studies 
are all solved under the condition of ignoring the inertial 
force. When the rotation speed is large, there may be large 
errors. Yang Shuren [24-26] used Ansys Fluent software 
to numerically simulate the spiral flow, and conducted a 
more complete simulation analysis of the flow field and 

the force on the inner rod, but did not simulate the 
eccentric annular Couette flow induced by the inner rod 
executing a planetary motion Li Yinpeng [28] proposed 
the idea of solving the fluid flow in the annulus of the inner 
rod executing a planetary motion based on the 
superposition principle, which simplified the plane flow 
field induced by the inner rod executing a planetary 
motion and solved it. The particle image velocimetry (PIV) 
method was used to test the flow field of the inner rod 
eccentric rotation and the outer cylinder rotation. In order 
to further improve the understanding of eccentric annular 
flow field, increase oil production and reduce energy 
consumption. The author numerically simulates the plane 
flow field induced by the eccentric rotation of the inner 
rod and the rotation of the outer cylinder, what’s more, we 
simulate the plane flow field induced by the planetary 
motion of the inner rod. The fluid force on the inner rod 
when the inner rod moves in the outer cylinder is analyzed. 
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2 Simulation of flow field in eccentric 
annulus with inner rod and outer 
cylinder rotating 

2.1 simulation model 

The planetary movement of the inner rod in the outer tube 
is shown in Figure 1(a). The eccentric annulus composed 
of the inner rod and the outer tube is filled with fluid, and 
the outer tube is stationary. The inner rod revolves around 
the axis of the outer tube at an angular velocity Ω and at 
the same time rotates around its own axis at an angular 
velocity ω, driving the fluid to flow in the eccentric 
annulus. According to the literature [28], the planetary 
motion model of the inner rod is simplified to the 

equivalent mechanical model of eccentric rotation of the 
inner rod and the rotation of the outer cylinder as shown 
in Figure 1(b). The equivalent mechanical model is 
divided into two motions, the first movement is that the 
inner rod rotates around its own axis at a certain angular 
velocity Ω and revolves around the axis of the outer 
cylinder at the same angular velocity. At the same time, 
the outer cylinder also rotates at the same angular velocity; 
The second motion is that the inner rod rotates 
eccentrically at an angular velocity of ω-Ω and the outer 
cylinder rotates at an angular velocity of - Ω. The 
planetary movement of the inner rod in the outer cylinder 
is realized by the superposition of two motions, where R 
is the radius of the outer tube, r is the radius of the inner 
rod, and e is the eccentricity. 
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Fig.1. Schematic diagram of inner rod executing a eccentric motion 
 

2.2 Analysis of simulation results of annular flow 
field 

R=34.5mm, r=12.5mm, and the eccentricity is 0.2, 0.4, 0.6, 
0.8. For the inner rod rotating in the same direction as the 

outer tube, the inner rod rotating speed is 60r/min and the 
outer tube rotating is 120r/min; When the inner rod and 
the outer tube rotate in the opposite direction, speed of the 
inner rod’s rotation is 60r/min and the outer tube’s rotation 
is 60r/min. Set density of fluid as 1150kg/m3 and viscosity 
as 0.012paꞏs. 
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（a）ε=0.2                                         （b）ε=0.4 

    
（c）ε=0.6                                         （d）ε=0.8 

    
（e）ε=0.2                                         （f）ε=0.4 
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（g）ε=0.6                                         （h）ε=0.8 

Fig.2. Velocity cloud map and streamline diagram under different eccentricity 
 

By comparing the velocity cloud diagram and 
streamline diagram of the flow field with different 
eccentricities when the inner rod and the outer tube rotate 
in the same direction in Fig. 2(a~d), it can be known that 
(1) as the eccentricity increases, the low-speed area of the 
fluid in the field is also increasing. Due to the viscous 
force of the fluid, the maximum value of the velocity 
appears near the wall of the outer tube and is close to the 
rotation speed of the outer tube; (2) When the eccentricity 
is small, the flow field does not appear the secondary flow, 
as the eccentricity increases, the phenomenon of 
secondary flow appears in the flow field, and there is more 
than one core of the secondary flow. 

The analysis of the flow field velocity cloud diagram 
and streamline diagram under different eccentricities 
when the inner rod and the outer tube rotate in the opposite 
direction in Figure 2 (e~f) shows that (1) When the inner 
rod and the outer tube rotate in the opposite direction, even 
if the eccentricity is very small, secondary flow will also 
occur. (2) With the increase of eccentricity, the secondary 
flow area increases more obviously, and there is always 
only one secondary flow core. 

2.3 Comparison between simulation results and 
experimental results 

The above simulation results of the model with eccentric 
rotation of inner rod and rotation of outer tube are 
compared with the experimental results based on particle 
image velocimetry (PIV) method in reference [28]. The 
flow field obtained by the two methods is same, which 
proves the correctness of the simulation model and the 
simulation results. 

3 Flow field simulation of inner rod 
executing a planetary motion 

3.1 Dynamic grid and UDF technology 

In Fluent, the angular velocity of inner and outer 
boundaries can be directly set for the simple model of 

eccentric rotation of inner rod and rotation of outer tube. 
However, the dynamic grid model should be adopted for 
the complex model of inner rod planetary motion with 
violent boundary motion. The moving mesh mainly 
includes the description of the motion mode and the 
processing of the mesh, and the inner boundary’s 
planetary motion is compiled by using UDF. Call the 
DEFINE_CG_MOTION macro to realize the rigid body 
motion of the boundary, and use vel[] and omega[] to 
specify the translation and rotation speed of the inner rod 
respectively, in which the revolution speed can be 
obtained by formula (1), and the planetary motion of the 
boundary can be realized through the combination of 
revolution and rotation. Formula (2) is the conservation 
equation of flux φ, which controls the body surface area v. 
Because the movement of boundary will definitely affect 
the original mesh, and if the mesh is not processed, it will 
produce negative volume. Therefore, the grid needs to be 
updated in the iterative calculation process. The update 
method chooses Spring and Remeshing. Control the mesh 
reconstruction by setting the Minimum Length Scale, 
Maximum Length Scale, and Maximum Cell Skewness. 
When the grid size is less than the minimum grid size or 
greater than the maximum grid size, the grid 
reconstruction is triggered. 
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In which ω is the rotational speed; ρ is the density of 

the fluid; u is the fluid velocity vector; us is the mesh 
deformation velocity of the moving mesh; Γ is diffusion 
coefficient; A is the control body surface area; Sφ is the 
source term of flux; ∂V is the boundary of the control body. 
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3.2 Flow field analysis of inner rod planetary 
motion 

In the plane annular flow field induced by inner rod 

planetary motion, the rotational speed of inner rod rotation 
and revolution is 60r/min, and eccentricity ε gradually 
increases at 0.2, 0.4, 0.6 and 0.8, respectively. 

 

    
（a）ε=0.2                                           （b）ε=0.4 

    
（c）ε=0.6                              （d）ε=0.8 

    
（e）ε=0.2                                         （f）ε=0.4 
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（g）ε=0.6                         （h）ε=0.8 

Fig.3. Velocity cloud map and streamline diagram under different eccentricity 
 

3.2.1 Flow field analysis.  

As shown in Figure 3(a~d), the annulus plane flow field 
velocity cloud diagram and streamline diagram under 
different eccentricity conditions when the inner rod rotates 
and revolves in the same direction. The flow velocity near 
the wall of the outer tube in the flow field is close to zero, 
and the high-speed zone is distributed on the semicircular 
orbit outside the inner rod; With the increase of 
eccentricity, the low velocity region appears at the outer 
tube axis, and the obvious secondary flow phenomenon 
appears when the eccentricity is about 0.8. 

It can be seen from Figure 3(e~h) that when the 
rotation direction of the inner rod is clockwise and the 

direction of revolution is counterclockwise, secondary 
flow appears in the wide gap of the annulus and near the 
wall of the inner rod, and the core of the secondary flow is 
always one; It can be known from the streamline 
distribution that the fluid flow direction in the wide gap 
area of the annulus is counterclockwise, and the fluid flow 
direction in the narrow gap area is clockwise. 

On the line connecting the axis of the inner rod and the 
outer tube, 100 points in the eccentric annulus fluid area 
are selected, extracting the tangential velocity of the fluid 
at that position, and draw the relationship between the 
tangential velocity and the position as shown in Figure 4. 

 
(a) same direction                               (b) reverse direction 

Fig.4. The tangential velocity of fluid under different eccentricity 
 

It can be seen from Figure 4(a) that when the inner 
rod’s rotate in the same direction as the revolution, the 
tangential velocity of the fluid in the wide gap of eccentric 
annulus is negative, and the fluid in the narrow gap is 
positive; The fluid velocity distribution near the wall 
surface of the inner rod is that the velocity in the narrow 
space side is large and the velocity in the wide space side 
is small, which is due to the superposition of rotation 

velocity and revolution velocity in the narrow gap side of 
the inner rod, and the opposite direction of velocity in the 
wide gap side of the inner rod cancels each other. 

For Figure 4 (b), when the rotation and revolution of 
the inner rod are reversed, the tangential velocity near the 
outer tube approaches zero; due to the superposition of the 
rotation velocity and revolution velocity, the maximum 
velocity of the fluid appears in the wide gap of the annulus 
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and near the wall of the inner rod; in the narrow gap of the 
annulus near the wall of the inner rod, the rotation velocity 
and revolution velocity cancel each other ,and the velocity 
of fluid is small. 

3.2.2 Force analysis.  

The pressure cloud diagram of the eccentric annulus 
flow field induced by the inner rod executing a planetary 
motion is shown in Figure 5. For the case of rotation in the 
same direction, according to the pressure cloud diagram 
shown in Figure 5(a~d), it can be seen that the high 
pressure area is mainly distributed in the area near the 
outer tube with a wide gap, where the maximum pressure 
appears in the orbital forward flow on the narrow side of 

the surface, there is a tendency to prevent the inner rod 
from revolving and push the inner rod back toward the axis 
of the outer tube;  The low pressure area appears at the 
wide gap of the annulus near the inner rod, and the low 
pressure area also increases with the increase of 
eccentricity. 

According to the pressure cloud diagram of the reverse 
rotation of the inner rod shown in Figure 5 (e~h), it can be 
known that the high pressure area is concentrated in the 
wide gap area of the annulus when the eccentricity is small, 
and there is a tendency to push the inner rod outward; With 
the increase of eccentricity, a high pressure area appears 
at the narrow gap of the revolving front face of the inner 
rod, and a low pressure area appears at the axis of the outer 
tube. Due to the pressure difference, the inner rod has a 
tendency to push back and prevent its revolution. 

 

    
（a）ε=0.2                                         （b）ε=0.4 

    
（c）ε=0.6                                         （d）ε=0.8 
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（e）ε=0.2                                         （f）ε=0.4 

    
（g）ε=0.6                                         （h）ε=0.8 

Fig.5. Pressure nephogram under different eccentricity 
 

Figure 6 is a graph showing the relationship between 
the radial and tangential decomposition of the fluid force 
on the inner rod per unit length and the eccentricity. (1) It 
can be seen from Figure (a) that for only the revolution, 
the rotation and the revolution in the same direction, the 
rotation and the revolution in the reverse direction have 
little effect on the tangential force of the inner rod, and the 
tangential force received increases with the eccentricity (2) 
For the change in the radial force on the inner rod shown 
in Figure (b), it can be seen that there is a critical value of 

eccentricity (about 0.4) ,when the eccentricity is less than 
this critical value,  the rod is pushed outward, the rod is 
pushed inward when it is greater than the critical value; (3) 
When the rotation is reversed, the critical value of 
eccentricity increases (approximately 0.72); (4) When the 
rotation and revolution are in the same direction, the 
critical value of eccentricity decreases, so that the radial 
force on the inner rod is always negative, that is, the inner 
rod has a tendency to be pushed inward at different 
eccentricities. 
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(a) Tangential force                              (b) Radial force 

Fig.6. Relationship between fluid force on the inner rod and eccentricity 
 

3.3 Flow field simulation of inner rod executing 
a planetary motion based on superposition 
principle 

According to the superposition principle, the first motion 
is eccentric rotation with the angular velocity of inner rod 
is 60 R / min, and the second motion is rotation with the 
angular velocity of outer cylinder is - 60 R / min. 
 

3.3.1 Force analysis   

According to the relationship between force and 
eccentricity when the inner rod executing a planetary 
movement based on the superposition principle shown in 
Fig. 7, it can be seen that the tangential force of the inner 
rod increases with the increase of eccentricity , There is a 
critical value of eccentricity, which changes the direction 
of the radial force on the inner rod. 
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(b) Only the outer cylinder rotates 
Fig.7. Relationship between fluid force on the inner rod and eccentricity 

 

4 Conclusion 

(1) Through the comparative analysis of simulation and 
experimental results, it can be known that it is feasible to 
study the eccentric annulus flow field under complicated 
working conditions through numerical simulation. 

(2) When the rotation of the inner rod is in the same 
direction as the revolution, the fluid velocity near the wall 
surface of the inner rod is greater on the narrow-spacing 
side of the annulus and smaller on the wide-spacing side. 
When the eccentricity is greater than the critical value, a 
secondary flow occurs; when the inner rod rotates in the 
opposite direction to the revolution, the fluid velocity near 
the wall of the inner rod is greater on the wide-spacing side 
of the annulus and slower on the narrow-spacing side. 
Different eccentricities have obvious secondary flow 
phenomenon, and the secondary flow is now in a wide gap 
and close to the inner rod. 

(3) When the inner rod revolves only, the eccentricity 
of the inner rod is pushed outward by the force of the fluid 
when it is less than the critical value, and the inner rod is 
pushed inward when the eccentricity of the inner rod is 
less than the critical value; when the rotation and 
revolution are reversed, the critical value of eccentricity 
increases; when the rotation and revolution are in the same 
direction, the critical value of eccentricity decreases. 
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