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Abstract 

Due to the axial and lateral loads applied to the drill pipe during the drilling process, this last may lose 
its stability and begins to make complicated motions like the orbital one. In the present paper, this 

orbital motion of the drill pipe is modelled using CFD method to investigate its effect on the axial and 
tangential velocity profiles in the wide and narrow regions of the eccentric annulus (E=0.2, E=0.4, 

E=0.6 and E=0.8), as well as, effect of the orbital motion speed on pressure drop gradient of drilling 

fluid is studied. Our results show that increment of the orbital motion speed from 100 to 400 rpm 
causes an increase of 913% of the maximum axial velocity, however, this increment is estimated at 

about 100% in the case where the drill pipe makes pure rotation for the eccentric annulus (E=0.8), 

Moreover, orbital motion of the inner pipe prevents the secondary flow to appear in the wide region of 
eccentric annulus. For all eccentricities, the tangential velocity of the orbital motion case in the narrow 

region for 400 rpm speed is 120% higher than pure rotation one. 

Keywords: Orbital motion; eccentricity; velocity profiles; pressure drop; drilling fluid; laminar flow. 

 

1. Introduction  

The main role of the drill pipe is to transmit torque from the top drive to the bit where the 
drill pipe is under axial and lateral loads, which result in axial, lateral and torsional vibrations. 

Due to these vibrations, drill pipe may loss its stability and begin to make very complicated 
motions such as orbital motion [1]. 

Nouri et al. [2] experimentally studied the flow of Newtonian and non-Newtonian (power-
law) fluids in concentric and eccentric annulus. Their results show that the flow resistance of 
power-law fluid was decreased by 22.5% when the eccentricity increases from zero to unity. 
Based on the experimental study, Nouri and Whitelaw [3] found that rotation of the inner pipe 

makes the axial velocity profile of power-law fluid flatter with a maximum of the axial velocity 
5% smaller than the situation without rotation for concentric annulus. Then, Nouri and White-
law [4] extended their experimental study to the eccentric annulus. They stated the appear-
ance of a secondary flow (counter rotating swirl) in the wide region of eccentric annulus.  

Meuric et al. [5] used the finite volume method (FVM) to solve the continuity and momentum 

equations for yield power-law model flowing through concentric and eccentric annulus in lam-
inar regime. Results indicated that volumetric flowrate decreases with the inner pipe rotation 
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for eccentric annulus, contrary to the concentric case where volumetric flowrate increases with 
the inner pipe rotation.  

Neto et al. [6] used a CFD approach to study non-Newtonian fluid flow through concentric 
and eccentric annulus. It was found that the axial velocity in the narrow region of the eccentric 
annulus is significantly smaller than the axial velocity in the wide region of eccentric annulus. 

Nevertheless, the rotation of the inner pipe is found to increase the axial velocity in the narrow 
region of eccentric annulus, which enhances the cleaning process during drilling operation. 
The same conclusion was made by Ofei et al. [7] to yield power-law flow fluid. 

Vieira Neto et al. [8] carried out a numerical study about the influence of the inner pipe 
rotation on the axial and tangential velocity distribution of power law fluid in concentric and 

eccentric annulus. Moreover, effect of the inner pipe rotation on pressure drop is evaluated. 
To validate their numerical study, authors conducted an experimental study using flow loop. 
It was stated that the increase of the inner pipe rotation causes a decrease of pressure drop 
for concentric annulus in contrast to the eccentric annulus, where they found that pressure 
drop increases with the inner pipe rotation. 

Bicalho et al. [9] also used the CFD technique to investigate the flow of yield power-law in 

an obstructed section of concentric and eccentric annulus with orbital motion of the inner pipe. 
An experimental setup was established to validate their numerical results. They found that 
orbital motion of the inner pipe causes an increment of the tangential velocity in the vicinity 
of the inner pipe. However, authors did not consider orbital motion of the inner pipe in their 
study.  

Most of the previous studies of non-Newtonian fluids flowing through annular section did 
not take into account orbital motion of the inner pipe, and authors considered that the inner 
pipe makes only pure rotation around its own axis [10-13]. Till now, there are limited studies in 
the literature about effect of the orbital motion on distribution of the axial and tangential 
velocity profiles of non-Newtonian fluids flowing through eccentric annulus. In the present 

paper, the effect of the orbital motion speed and eccentricity on distribution of the axial and 
tangential velocity profiles and pressure drop gradient of power-law fluid are evaluated using 
CFD commercial software (ANSYS Fluent 16.0) and then the velocity profiles are compared to 
the case where the inner pipe makes pure rotation. 

2. Materials and methods 

2.1. Physical model 

The domain flow of non-Newtonian fluid (power-law) is bounded by two cylinders where 
the outer pipe (casing) is fixed, and the inner pipe (drill pipe) makes orbital motion around its 

own central axis to simulate the drilling fluid pattern in the borehole. 
When the inner pipe rotation reaches 80 to 110 rpm around its own central axis, the inner 

pipe begins to make an orbital motion around the center of the outer pipe [14]. For that, in the 
present study, the orbital motion speed is considered to increase (from 0 to 400 rpm) with 
increasing of the inner pipe rotation (from 0 to 400 rpm) simultaneously.  

2.2. Mathematical equations 

The flow of non-Newtonian fluid (power-law) through eccentric annulus where the inner 
pipe makes an orbital motion is considered to be fully developed, incompressible, steady and 
isothermal in laminar regime. 

The continuity and momentum equations that govern the flow can be listed as follows: 
𝜕𝑈𝑖

𝜕𝑥𝑖
= 0                            (1) 
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where 𝑥𝑖 are the coordinate axes (𝑥,𝑦, and 𝑧); 𝑈𝑖 are components of the velocity vector; 𝑃 is 
the pressure; 𝜌 is the density; 𝜇 is the fluid viscosity; 𝜏𝑖𝑗 are components of the Reynolds 

stress tensor and 𝑆𝑖 is the sum of body forces. 
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The rheological model considered in this study is the power-law as follows: 

𝜏 = 𝐾(𝛾̇)𝑛                             (3) 
where 𝐾 is the flow consistency index, and 𝑛 is the flow behavior index. 

The rheological parameters of the power-law fluid are given in Table 1 as follows: 

Table 1. Fluid and geometry characteristics. 

Rheological behavior 
Fluid and geometry characteristics 

K [Pa.sn] n [-] Do [mm] Di [mm] 

Non-Newtonian 
(power-law) 

0.93 0.52 38.1 19.05 

The eccentricity of the outer and inner cylinders is characterized by the following relation-
ship: 

𝐸 =
2.𝑒

(𝐷𝑜−𝐷𝑖)
                             (4) 

where 𝑒 is the distance between the inner and outer cylinders. 

2.3. Simulation method 

The annular space is subdivided into 1.2 × 106 and 1.76 × 106 elements for annulus where 
the inner pipe makes the pure rotation and orbital motion, respectively. The number of ele-
ments is selected to ensure that the obtained results are independent of the mesh models 
adopted as well as keeping the number of elements as low as possible to optimize computa-
tional time, as shown in Fig. 1a. The mesh is refined near walls to capture high variation of 
calculated solutions in these regions. Since the inner pipe makes both orbital motion and pure 

rotation at the same time, moving mesh technique is used to describe this kind of motion. For 
that, the annular flow domain is divided into 3 parts: inner part (part ly influenced by pure 
rotation of the inner pipe), middle part (part ly influenced by orbital motion of the inner pipe), 
and outer part (stationary part) as seen in the Fig. 1b. The orbital motion in the present work 
is obtained by rotation of the inner part around the axis of the inner pipe and rotation of the 

middle part around the axis of the outer pipe. Therefore, Angular velocity of the inner and 
middle parts is the orbital motion speed. Thus, the three parts of the domain flow are related 
to two interfaces (interface1 and interface2), which allow to transfer pressure, velocity, and 
other variables.     

The commercial code ANSYS Fluent 16.0 based on the finite volume method is used to 

solve the differential equations, where the flow equations are integrated over each control 
volume. All simulations of the present numerical study were run in the unsteady state due to 
the moving mesh where the position of the inner pipe is updated according to the orbital 
motion speed every time step. All simulation runs were carried out in laminar regime. SIMPLE 
algorithm is employed for coupling pressure-velocity, and PRESTO scheme is used for discreti-

zation of pressure. For discretization of the momentum equation first -order upwind is used to 
overcome instabilities and convergence problems that can induced by high-order discretization 
in the presence of moving mesh. As a convergence criteria, 10-5 is selected for all simulations. 

2.4. Validation model 

Due to the limited experimental data in the literature about non-Newtonian fluids flowing 

through annular space where the inner pipe makes an orbital motion, the CFD model used in 
the present study is validated using the experimental work of [4] where mesh of the inner part 
rotates around the center of the inner pipe which produces pure rotation, while mesh of the 
middle and outer parts of the domain flow are kept stationary. Fig. 1c depicts that the numer-
ical results are in good concordance with the experimental data where the mean error of the 
tangential velocity is 12%; however, for the axial velocity, the mean error is estimated at 

around 14.3% and 8.4% for 0 rpm and 300 rpm, respectively.  
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Fig. 1.a. Cross section of the mesh and lines where the velocity profiles are obtained.  
b. Flow domain of the power-law fluid.  

b. Comparison of the numerical results with the experimental data [4] 
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3. Results and discussion 

3.1. Axial velocity 

Fig. 2a presents the axial velocity profile of power-law fluid in the laminar regime for ec-
centric the annulus (E = 0.2). As it can be seen, both pure rotation and orbital motion cause 
an increase of the axial velocity maximums in the narrow region of the annulus where presence 

of the orbital motion causes an additional increase for all cases especially for 100 rpm in which 
the increase is around 23% compared with the situation where the inner pipe makes pure 
rotation. This effect is beneficial for transporting cuttings and prevent formation of cuttings 
bed in horizontal wells. On the other hand, the axial velocity in the wide region diminishes 
with increase of the orbital motion speed for both orbital motion and pure rotation cases.  

As shown in Fig. 3a, The calculated axial velocity profiles of the eccentric annulus (E = 0.4) 
in the narrow region indicate that orbital motion of the inner pipe has a significant effect on 
the axial velocity of the power-law fluid compared to the pure rotation case where the axial 
velocity maximum of the orbital motion case is 59% greater than pure rotation one for 200 
rpm and 300 rpm speeds. This increase could contribute to the hole cleaning process by re-
moving the deposed cuttings on the lower side of annulus. The widest region of the annulus 

shows a decrease of the axial velocity gradient near the inner pipe when the orbital motion 
speed reaches 300 rpm which could be considered as an indication for a reverse flow (in the 
opposite direction of the main axial flow) in this region when eccentricity exceeds (E = 0.4) 
value.        

Fig. 4a shows that an increase of pure rotation speed from 100 to 400 rpm induces an 

increase of 304% of the axial velocity maximum in the narrow region of the eccentric annulus 
(E = 0.6); however this increase is estimated at around 551% for orbital motion situation. 
Moreover, comparison of the axial velocity profile of orbital motion case with that of pure 
rotation for 400 rpm speed shows that the axial velocity maximum of orbital motion case is 
173% higher than pure rotation one which proves that appearance of the orbital motion would 

significantly enhance the hole cleaning process especially in horizontal and deviated wells. For 
the wide region of the annulus, a stagnation region of the power-law fluid near the inner pipe 
is observed when the orbital motion speed reaches 400 rpm. This phenomenon could be at-
tributed to beginning formation of the reverse flow in this region.         

In Fig. 5a, pure rotation of the inner pipe has a slight effect on the axial velocity profile for 

both narrow and wide regions of the eccentric annulus (E = 0.8). In contrast to the orbital 
motion case where increase of the orbital motion speed from 100 to 400 rpm causes an in-
crement of 912% of the axial velocity maximum in the narrow region of the eccentric annulus. 
The wide region shows that increase of the orbital motion speed causes a decrease of the axial 
velocity gradient near the inner pipe until 300 rpm where a reverse flow is observed. The 

reverse flow in the opposite direction of the main flow is caused by orbital motion of the inner 
pipe in which the maximum value in this reverse flow is 1.4% and 12.8% of the bulk axial 
velocity for 300 rpm and 400 rpm, respectively. The appearance of such kind of reverse flow 
could increase shear stress near the inner pipe resulting in increment of  pressure drop of 
flowing fluid.  

3.2. Tangential velocity 

Fig. 2b outlines the distribution of the tangential velocity profile for eccentric annulus (E = 
0.2). Increase of the pure rotation and the orbital motion speed from 100 to 400 rpm induce 
an increase of 300% of the tangential velocity near the inner pipe in the narrow region for 
both cases (pure rotation and orbital motion). A comparison of the tangential velocity in this 
region for 400 rpm speed indicates that orbital motion case is 120% higher than pure rotation 

case. This would improve the erosion effect of the cuttings bed by the inner pipe to get trans-
ported in the main flow, which improves the cleaning process of the well. Almost, a similar 
effect is observed for the wide region near the inner pipe. Moreover, it is worthy to note that 
the orbital motion causes a considerable increase in the tangential velocity in the middle of 
the wide region. 
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Fig. 2. a. Axial velocity prifiles for various pure rotation and orbital motion speeds (E´0.2)  

b. Tangential velocity profiles for various pure rotation and orbital motion speeds (E=0.2)  
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Fig. 3.a. Axial velocity profiles for various pure rotation and orbital motion speeds (E=0.4). 

b. Tangential velocity for various pure rotation and orbital motion speeds (E=0.4) 
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Fig. 4.a. Axial velocity profiles for various pure rotation and orbital motion speeds (E=0.6). 

b. Tangential velocity for various pure rotation and orbital motion speeds (E=0.6) 
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Fig. 5.a. Axial velocity profiles for various pure rotation and orbital motion speeds (E=0.8). 

b. Tangential velocity for various pure rotation and orbital motion speeds (E=0.8) 
 

Fig. 3b indicates that the tangential velocity of power-law fluid around the inner pipe in-
creases with the increase of pure rotation speed for both narrow and wide regions of the 
eccentric annulus (E = 0.4). The tangential velocity near the inner pipe is found to increase 
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with orbital motion speed where this effect is more pronounced in the narrow region of the 
eccentric annulus for all orbital motion speeds. Furthermore, a considerable increase of the 
tangential velocity in the middle of the wide region induced by orbital motion compared to the 
increase caused by pure rotation of the inner pipe.   

Fig. 4b shows the distribution of the tangential velocity in the eccentric annulus (E = 0.6), 

where a secondary flow (also called counter-rotating swirl) begins to appear near the outer 
pipe of the wide region contrary to the orbital motion case where the tangential velocity in-
creases with orbital motion speed. 

As shown in Fig. 5b, a fully developed secondary flow is observed in the wide region of the 
eccentric annulus (E = 0.8) in which its form gets larger with increase of pure rotation of the 

inner pipe. The orbital motion of the inner pipe prevents such kind of secondary flows to 
appear where the power-law fluid rotates in the same direction of the inner pipe. 

3.3. Pressure drop gradient 

As can be seen in Fig. 6, for an eccentricity equal to (E = 0.2), an increase of the pure 
rotation speed of the inner pipe has a slight effect on pressure drop gradient ; however, for 
the orbital motion case, pressure drop is decreased. This effect could be attributed to en-

hancement of the shear thinning effect by orbital motion of the inner pipe for this eccentric 
annulus. Pressure drop gradient increases with increase of the pure rotation and orbital motion 
speed from 100 to 400 rpm for the eccentric annulus (E = 0.4, E = 0.6 and E = 0.8) where 
pressure drop is more increased when the inner pipe makes an orbital motion. This behavior 
indicates that inertial effects dominate the shear thinning phenomenon for these eccentricities.  

 
Fig. 6. Effect of the orbital motion and pure rotation of the inner pipe on pressure drop gradient of the 
power-law fluid for various eccentricities 

4. Conclusions 

In this paper, moving mesh is used to simulate the flow of power-law fluid flowing through 
eccentric annulus in laminar regime in which the inner pipe makes pure rotation and orbital 
motion. Numerical results highlight effect of the orbital motion for various eccentricities on 

distribution of the axial and tangential velocity profiles in the annular section, as well as its 
effect on pressure drop. The following can be concluded from this numerical investigation: 
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 As eccentricity increases, pure rotation effect of the inner pipe on the axial velocity in the 
narrow region of eccentric annulus diminishes till (E = 0.8) where the effect becomes neg-
ligible, however, for the orbital motion case, increase of the orbital motion speed from 100 
to 400 rpm causes an increase of 912% of the axial velocity maximum which would enhance 
cleaning process in the deviated and horizontal wells. 

 When the orbital motion speed reaches 300 rpm, a reverse flow near the inner pipe in the 
wide region of the eccentric annulus (E = 0.8) is observed. This effect is not stated for pure 
rotation case. 

 Pure rotation causes the appearance of secondary flow in the wide region of eccentric an-
nulus when the eccentricity reaches (E = 0.6). While orbital motion of the inner pipe pre-

vents appearance of the secondary flow where the flow of power-law fluid is rotating in the 
direction of the inner pipe 

 Increase of the pure rotation and the orbital motion speed from 100 to 400 rpm induce an 
increase of 300% of the tangential velocity near the inner pipe in the narrow region of 
annulus for both cases (pure rotation and orbital motion) where the tangential velocity in 
this region for 400 rpm speed is 120% higher than pure rotation case. This effect is almost 

similar for all eccentricities. This would improve the erosion effect of the cuttings bed by 
the inner pipe to get transported in the main flow, which improves the cleaning process of 
the well. 

 The orbital motion of the inner pipe enhances shear thinning effect which induces a de-
crease of pressure drop gradient with increase of the orbital motion speed for the eccentric 

annulus (E = 0.2). For other eccentricities (E = 0.4, E = 0.6, and E = 0.8), increment of 
the orbital motion speed, causes an increase of pressure drop.     
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Nomenclature 

Do  diameter of the outer cylinder (m) n  flow behavior index (-) 

Di diameter of the inner cylinder (m) u  bulk flow velocity (m/s) 

E  eccentricity of the inner cylinder (-) 𝜌  fluid density (kg/m3) 
K  flow consistency index (Pa.sn) 𝛾̇  shear rate (s-1) 
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