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Abstract. A calculated and experimental study of the inner tube rotation effect on the pressure 

drop in the annular channel at the turbulent Newtonian flow was carried out. The Reynolds 

number varied from 2000 to 24000. The rotational Reynolds number ranged from 0 to 2100. 

The diameter ratio of the inner and outer pipes of the annular channel ranged from 0.286 to 

0.714. Calculation was in good agreement with experiment. 

1.  Introduction 

The main condition for the advance rise in mineral reserves to provide raw materials for industry and 

agriculture is the increase in the volume and quality of drilling operations. Development of drilling 

technologies is very important for exploration of all minerals kinds.  

There have been significant changes in the exploration industry, in the creation of drilling 

equipment, advanced technologies, technological processes, and new types of rock-cutting tools in 

recent years. Fluid flows in the annular channels are found in many technical applications. The 

channels of heat exchangers, drilling columns, bearings, some kinds of mixers, etc. are an example of 

such structures. The flows features in annular channels with concentrically arranged cylindrical 

rotating surfaces are great practical interest. The flow of drilling fluid in oil wells, which described by 

an annular channel with a rotating inner tube, is the most common and important example of such 

flows. In most cases drilling muds are non-Newtonian viscoplastic fluids (such as Bingham plastics or 

pseudoplastics). This complicates the description of such flows. 

A numerous theoretical and experimental material on fluid flows in the annular channels 

accumulated at present. A well-known analytical solution for Newtonian laminar flows in a concentric 

channel is in the textbook by Landau and Livshitz [1]. Analytical solution for the case of eccentric 

annular channels is unknown, however, many approximate and asymptotic solutions are proposed [2], 

including with the inner tube rotation. In addition there are quite a number of different empirical 

correlations for Newtonian flows operating in a particular range of parameters. The most common 

correlations are found in reference books [3-4]. 

It is necessary to highlight a series of experimental and calculated study [5-7] together with 

colleagues on the study of laminar and turbulent flows of Newtonian and non-Newtonian media in the 

annular channels with eccentricity and the inner tube rotation. 

Despite the numerous number of theoretical, calculated and experimental studies on laminar and 

turbulent flows in the annular channel, the available material cannot provide the necessary information 
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about all the flow in the required wide range of parameters of the drilling pipe and the rheological 

properties of the fluid, especially for non-Newtonian turbulent flow of drilling fluids in channels with 

eccentricity and of the inner pipe rotation. It is critical to have information about the hydraulic 

resistance and flow structure in the well during the drilling for effective and reliable control of the 

process. Therefore it is necessary a tool capable to predict these characteristics with good accuracy in 

a very wide range of parameters. 

The purpose of this study was to create and verify an experimental setup and a numerical method 

for turbulent Newtonian flows in an annular channel with the inner tube rotation. 

2.  Experimental setup 

An experimental setup was created to verify the numerical calculation of turbulent flows of Newtonian 

fluid in the annular channel (see figure 1). Measuring section simulated the well site. The setup was a 

closed circuit. Fluid from the tank (1) was supplied to the operating section by means of a centrifugal 

pump (2). The flow rate was regulated by the valves (3-4) and controlled by the flow meter (5). Then 

the fluid entered the operating section (6). The operating section was the annular channel of stainless 

steel, which was a system of “pipe in the pipe”. The outer diameter of the inner pipe D1=6; 10; 15 mm, 

the inner diameter of the outer pipe D2=21 mm. Diameter ratio varied in the range from 0.286 to 

0.714. 

Pressure drop measurements on the measuring section of the annular channel were carried out 

using a differential pressure gauge (7). To measure the pressure drop in the outer pipe were installed 

fittings, to which a differential pressure gauge was connected. The inner pipe rotation was performed 

by means of a servo drive (8). The length of the measuring section was 0.5 m in the experiments. An 

input flow stabilization section was organized before the measuring section. In this study water was 

used as a working fluid. The fluid flow in the annular channel was varied in the range of 0.133 to 

0.496 kg·s
-1

. This corresponded to the value of the Reynolds number from 2000 to 24000. The rotation 

frequency of the inner pipe varied from 0 to 5000 rpm. 

 

Figure 1. Schematic 

diagram of the 

experimental setup. 

3.  Mathematical model 

A mathematical model of Newtonian turbulent flows in the annular channel with the inner pipe 

rotation was developed. The isothermal turbulent developed stationary incompressible fluid flow with 

constant density was considered. Both laminar and turbulent flows are usually described using the 

Navier-Stokes equation, but at present the capabilities of the computer technology allow the use of 

semi-empirical turbulence models using the Reynolds approach in the calculation of turbulent flows 

[8]. The essence of this approach is to solve the averaged Navier-Stokes equations: 

   ( )t p             v v v τ v v F , (1) 

where τ  – time-averaged velocity field;    v v  – Reynolds stress tensor. 

The Boussinesq hypothesis of isotropic turbulent viscosity is used in the construction of two-

parameter turbulence models to determine the components of the Reynolds stress tensor: 

    2 3t i j j i t i i iju x u x k u x               v v , 
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where t  – turbulent viscosity; k  – kinetic energy of turbulent fluctuations. A two-zone two-

parameter model of SST mentor was used as the basic model for modeling turbulent flow in this paper 

[9].  

The Menter model is written by a superposition of k–ε and k–ω models based on the fact that k–ε 

models better describe the properties of free shear flows, the k–ω models have an advantage in 

modeling the near-wall flows. A smooth transition from the k–ω model in the wall area to the k–ε 

model away from solid walls is provided by the introduction of the weight empirical function F1. The 

second important detail of the model is to change the standard relationship between k, ω and the 

turbulent viscosity. Modification of this connection is the introduction of the transition to the 

Bradshaw equation in the near-wall region. The shear stress in the boundary layer is proportional to 

the energy of turbulent fluctuations according to the Bradshaw assumption. 

Transport equations for k and ω: 

    *( ) ,k tk t k k P k              v  (2) 

        2

1 2( ) 1 2 1t tt P F k                          v . 

A limiter is introduced in the turbulent energy generation term: 

 
t

ij i jP u x  τ  *min ,20P P k     

Weight function and its argument: 
4

1 1tanh(arg ),F   1 2 * 2 2

1 2arg min(max( ,500 );4 )kk y y k CD y      , 

where the positive part of the cross diffusion terms in the transport equation : 
10

2max(2 (1 ) ;10 )kCD k       , 

Expressions for eddy viscosity due to hypothesis Bradshaw: 1 1 2max( ; )t a k a F    , where the 

vorticity value: 2 ij ij   . 

The switching function F2 is defined as F1: 
2

2 2tanh(arg )F       1 2 * 2

2arg max(2 ,500 )k y y    . 

Constants in transport equations are written by superposition of constants for the k– model and 

constants of the standard k– model. 

The constants:  1 1 2 11 ,F F      , , , .k       

Set of constants for the wall layer of the SST model: 

1 0.85,k  1 0.5,  1 0.075,  * 2 *

1 1 .k       

Set of constants for free-shear layers: 

2 1.0,k  2 0.856,  2 0.0828,  * 2 *

2 2 .k       

Other constants used in the model: * 0.09,  0.41,k  1 0.31.a   

The numerical method are detail described in [10-12]. Note the main features of the numerical 

method. The difference analogue of the convective-diffusion equations (1) – (2) is found using the 

finite volume method for unstructured grids. The approximation of convective terms of the transport 

equations is carried out by means of the second-order flow scheme QUICK respectively. Diffusion 

flows and source terms are approximated by finite-volume analogues of сentral-difference relations 

with second order of accuracy. The relationship between the fields of velocity and pressure, ensuring 

the fulfillment of the continuity equation, is implemented with the SIMPLEC procedure for combined 

grids. The difference equations obtained as a result of the discretization of the initial system of 

differential equations are solved iteratively using an algebraic multigrid solver. 

4.  Results and discussion 

Figure 2 shows the contours and velocity profiles in the annular channel for different ratios of channel 

diameters. 
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a b c 

Figure 2. The contours of the velocity modulus in the annular channel for different 

diameters ratios without the inner pipe rotation for Q=0.496 kg·s
-1

. a) D1/D2=0.286, 

b) D1/D2=0.476, c) D1/D2=0.714. 

 

 

Figure 3. Profiles of the velocity axial 

component for different ratios of the pipes 

diameters without the inner pipe rotation. 

The comparison of calculated and experimental values of the pressure drop in the considered 

annular channels is shown in figure 4. Analysis of the results shows that the calculation is consistent 

with the experimental data with an error not exceeding 5%. Figure 4 also presents data obtained by 

correlation [3-4]. 

The pressure drop in the annular channel is calculated as 2

2 12( )P L U D D    , where 
0.250.339 Re   is the coefficient of hydraulic resistance for turbulent conditions, L=0.5 m – length 

of the measuring section. The Reynolds number in the annular channel is defined as: 
2 2

2 1 2 1Re 4 ( ) ( ) .Q D D D D     

The average flow rate in the annular channel is defined as 2 2

2 1( )U Q D D  . 

Evidently this correlation also well describes the experimental data and can be used to predict the 

pressure drop in turbulent Newtonian flow in annular channels without the inner tube rotation. 
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Figure 4. The pressure 

drop in the annular 

channel as function of 

the Reynolds number for 

different ratios of pipe 

diameters. The rotation 

velocity of the inner pipe 

is equal to 0. 

The effect of the rotation velocity of the inner pipe on the value of the pressure drop in the annular 

channel is investigated further. Figure 5 shows the velocity profiles in the annular channel for two 

different rotations of the inner pipe. Abviously the maximum of the axial component of the velocity 

shifted towards the outer wall of the channel with the increase in the angular velocity of rotation of the 

inner tube. In addition the value of the tangential velocity in the center of the channel increased. 

  
a b 

Figure 5. Profiles of the tangential (a) and axial (b) velocity components 

in the annular channel for different rotation velocities of the inner pipe at 

D1/D2=0.714. 

The dependence of the pressure drop on the angular rotation velocity of the inner pipe for different 

values of the Reynolds number is shown in figure 6. The pressure drop in the annular channel 

increased with rising rotation velocity. The calculation showed satisfactory agreement with the 

experiment. 

 

Figure 6. The pressure 

drop in the annular 

channel as function of 

the inner pipe rotation 

for different Reynolds 

numbers. Solid lines 

are correlation [15], 

dotted lines – 

calculation, points – 

experiment. 



International science and technology conference "Earth science"

IOP Conf. Series: Earth and Environmental Science 272 (2019) 022217

IOP Publishing

doi:10.1088/1755-1315/272/2/022217

6

 

 

 

 

 

 

A comparison of this correlation with the calculation and experiment is shown in figure 6. The 

error in this case don’t exceed 5%, which iss within the error of the experimental data. 

The pressure drop in the annular channel as function of the inner pipe rotation for different 

Reynolds numbers. Solid lines are correlation [15], dotted lines - calculation, points - experiment. 

There are several correlations [13-15] describing the effect of inner pipe rotation on the pressure 

drop in the annular channel at present. Analysis of calculated and experimental data showed that the 

following correlation best describes ones [15]: 

 2

1 2 12sP U R D D     

   
3 3

2 20.25 8 8

1 1(0.3354 2Re ) 1 0.629 1 0.629s w w R U w R U 
 
              
  

, 

Parameter β is defined as 
10410 Re0.2880.1713Re 1.7e  

  , where 1Re R     – rotational 

number. 

5.  Conclusion 

An experimental setup for studying drilling mud flows in annular channels with different diameter 

ratios and  the inner pipe rotation was created. A mathematical model of Newtonian turbulent flows in 

the annular channel with the inner pipe rotation was developed. The mathematical model was based on 

the k-ω SST RANS turbulence model. The calculation and experimental studies of the turbulent 

Newtonian flow in the annular channel were carried out. The results of calculation and experiment 

were compared with each other and with known empirical correlations. Satisfactory agreement of the 

results was obtained. The maximum discrepancy did not exceed 5% and was within the experimental 

error. This setup is planned to make a complexe study of non-Newtonian turbulent flows in the future. 
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