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ABSTRACT 
 

In the present study, isothermal fluid flow in an annular helically-coiled tube has been modeled for different fluid 
flow regimes. The three-dimensional governing equations for mass and momentum have been solved, and k-ε 
turbulence model was used to model the turbulent flow regime. The fluid is water at Dean numbers ranging from 
125 to 5600. It was found that centrifugal forces create a high velocity region at the outer side of the annular 
helicoidal pipe walls. The acceleration forces acting on the fluid flow create high pressure region near the  outer pipe 
wall. The friction factor values for both laminar and turbulent regimes were compared with the experimental data 
and correlations from literature. Friction factor decreases as the tendency for turbulence increases. The best 
consistency between correlation and CFD model was observed for turbulent regime. 
KEYWORDS: Computational fluid dynamics, Annular hlicoidal pipe, Friction factor. 

 
1. INTRODUCTION 

 
Helical coiled tubes are of special interest because they have many practical advantages, such as compactness, 

easy manufacture and high efficiency in heat and mass transfer. They are extensively used in compact heat-
exchangers, heat-exchanger network, heating or cooling coils in the piping systems, intake in air-crafts, fluid 
amplifiers, coil steam generators, refrigerators, nuclear reactors, thermosyphones, and other heat transfer equipment 
involving phase change, chemical plants as well as in the food and drug industries [1]. 

The pipe curvature causes centrifugal forces to act on the flowing fluid, resulting in a secondary flow pattern 
perpendicular to the main axial flow. This secondary flow pattern generally consists of two vortices, which move 
fluid from the inner wall of the tube across the center of the tube to the outer wall. Upon reaching the outer wall it 
travels back to the inner wall following the wall [2]. 

Mishra and Gupta [3] conducted an experimental investigation to study momentum transfer in curved pipes. 
The effect of pitch on the friction factor at the same diameter was observed, and as the pitch increased, the 
centrifugal forces decreased for the same Reynolds number, thus weakening the secondary flow field, and ultimately 
straight tube behavior was approached. Naphon and Wongwises [4], in particular, recently reviewed more than 100 
studies addressing both single and two-phase flow through curved tubes. Two-phase flow pressure drop in helical 
coils, in particular, received considerable attention, both in adiabatic and diabatic flow conditions.   

Murai et al. [5] studied structure of air–water two-phase flow in helically coiled tubes. The obtained results 
show that owing to the curvature of the tube, which provides centrifugal acceleration to the two-phase flow, the flow 
transition from bubbly to plug flow is considerably quickened compared to that in the flow in a straight tube. Also, 
in comparison with an upward inclined straight tube, small bubbles vanish away from the liquid slug in the case of a 
strong curvature owing to the centrifugal acceleration. M. Moawed. [6] investigated the forced convection from 
helical coiled tubes with different parameters. Their results showed that, for the same P/do (Pitch of coil tube/Outer 
diameter of coil tube), the higher values of Nusselt number can be obtained with a high value of D/do (Coil diameter/ 
Outer diameter of coil tube) while the small value of Nusselt number can be obtained with a small value of D/do. 
Austen and Soliman [7] studied laminar flow and heat transfer in helically coiled tubes with substantial pitch. The 
influence of pitch on the pressure drop and heat transfer characteristics of helical coils was explored for the 
condition of uniform input heat flux. Water was used as the test fluid. Significant pitch effects were noted in the 
friction factor and Nusselt number results at low Reynolds number. 

Garimella et al. [8] have investigated the heat transfer in coiled annular ducts to estimate the heat transfer 
coefficient inside the inner duct to map the shell side head transfer coefficient. They reported that coiling augments 
the heat transfer coefficient above the values for a straight annulus in the laminar region. However, this 
augmentation was less than that for a coiled circular tube and decreases at the transition region. Xin et al. [9] studied 
the effects of coil geometries and the flow rates of air and water on pressure drop in both annular vertical and 
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horizontal helicoidal pipes. Experiments were performed for the superficial water Reynolds number from 210 to 
23,000 and superficial air Reynolds number from 30 to 30,000. Their results showed that the transition from laminar 
to turbulent flow covers a wide Reynolds number range. Choi et al.[10] numerically studied the steady laminar flows 
in coiled annular ducts and observed the evolution of secondary flow and the effect of radius ratio on the flow 
development. It was concluded that the flow in a curved annular duct is not necessarily fully developed earlier when 
the radius ratio was larger owing to the complicated interaction between the viscous and centrifugal forces. Annular 
helicoidal pipes could not only provide more compactness in volume, but also controlled main flow and secondary 
flow due to the inner-wall boundary effects, making the friction factor and heat transfer characteristics different 
from straight circular tubes [11]. For annular helicoidal pipe, the experimental results of Xin et al.[12]  indicated that 
the single-phase and two-phase flow pressure drops in annular helicoidal pipe differ from that in helical pipe with a 
circular cross-section. The main aim of this study is to examine the CFD of single-phase flow of water in an annular 
helicoidal pipe, picturing the velocity and pressure distributions and to make a comparison between the calculated 
friction factor from CFD model, experimental data and well-known correlations. 

 
2. Experiments 

  Fig. 1 shows the geometry of test section. The setup consisted of an annular helicoidal pipe with 9 turns, 
inner coil of 9.53 mm diameter (I.D.), and outer coil of 6.22 mm. The coil has a length of  2.286 m when stretched. 
The diameter and the pitch of the outer coil are 196.85 mm and 25.4 mm, respectively [12].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3. Governing equations 
3-1 Continuity equations 

 . ρ 0 V  (1) 

3-2 Momentum conservation  

T
eff

.(ρ )
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B  describes the body force  acting on the fluid.  
The  k  turbulence model is used for turbulency modeling in transient and turbulent flows. 

      Fig.1. The schematic of annular helicoidal pipelllllllllllllllllll 
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Where 1 1.44C  , 2 1.92C  , 0.09C  , 1.0k  , 1.3  are the standard k  model constants. 
 
4. Boundary conditions 

 At the inlet, for different Dean numbers of various flow regimes, corresponding normal speeds were used. No 
turbulence option was chosen for analysis of laminar flow. For transition and for turbulence cases, k-ε model with 
5% and 10% inlet turbulent intensity were applied. Totally, 13 runs were made according to different Dean numbers 
for laminar, transient, and turbulent flows. In this study, at the outlet, pressure boundary condition was applied. No 
slip boundary condition was used at walls. In this analysis, a superficial velocity corresponding to Dean numbers 
125, 140, 200, 300, 380, 600, 1100, 1550, 1900, 2300, 3200, 4200 and 5600 at the inlet are specified, respectively. 
 
5. Solution method 

The simulations were carried out as 3-D single-phase of water flow in an annular helicoidal pipe. Convergence 
criterion of 1.0E-5 for RMS of all of the equations were used. Hybrid scheme was used for discretization of all 
equations and SIMPLEC algorithm was used for pressure-velocity coupling. The effect of gravitational force is 
applied in this analysis.  

 
6. RESULTS AND DISCUSSION 

 
figures 2 and 3 show the contour plots of velocity at four positions; 1*180◦, 6*180◦ , 9*180◦ and outlet for different 
flow regimes. Thirteen Dean numbers of 125, 140, 200, 300, 380, 600, 1100, 1550, 1900, 2300, 3200, 4200 and 
5600 for laminar, transient and turbulent flow were applied. As depicted in Fig. 2, more uniform high fluid speed 
between two tubes can be seen in the regions near the outer wall, as the Dean number increases. This is due to the 
effect of centrifugal force. But the slowest fluid speed was observed in the regions near to the inner tube walls. The 
location of high velocity region shifted slightly down in successive turns of pipe, and the band of very high water 
velocity (dark red band) is slightly wider, too. However, in the case of flow in a straight pipe, high velocity region is 
observed at the central regions of the pipe. 
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Fig.2. the contour plots of velocity at different positions (Laminar Regime) 
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Fig.3. the contour plots of velocity at different positions (Turbulent Regime) 
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         Figures 4 and 5 show the contour plots of pressure gradient at four positions; 1*180◦, 6*180◦ , 9*180◦ and outlet 
of annular helicoidal pipe for water flow with 125, 140, 200, 300, 380, 600, 1100, 1550, 1900, 2300, 3200, 4200 and 
5600 Dean numbers for laminar, transient and turbulent flow.  The Reynolds and Dean numbers are defined as: 

 

 

(3) 

 

(4) 

The friction factor for single phase flow is determined using: 
 

                                                                                                                           (5)  

The critical Dean numbers predicted by Srinivasan's equation [1] is 1139 for this test section.  
The curvature of the pipe causes centrifugal force to act on the fluid. The acceleration forces acting on the fluid 

flow in the pipe create high pressure region nearby the outer wall. The CFD model results of pressure drop, were 
used to calculate the friction factor using Eq (5). CFD results of friction factor were compared with experimental 
data. Well-known correlations of Manalapaz and Churchill [13] for laminar regime and Ito [14] for turbulent regime 
were also used to calculate friction factor for each regime as shown in Fig. 6. Comparison of applied methods, based 
on the Mean Average Error (MAE) is presented in table 1. 

 
Fig.4. the contour plots of pressure gradient at different positions (Laminar Regime) 
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Fig.5. the contour plots of pressure gradient at different positions (Turbulent Regime) 
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         Figure 6 shows the friction factors versus Dean Numbers. As can be seen in this figure, the friction factor 
decreases when increasing Dean number or on the other hand with enhancing velocity and, consequently, increasing 
turbulency. Also it can be seen that CFD model gives better results at turbulent regime with Dean numbers of higher 
than 1000. Mean average error of 0.23 and 0.057 were calculated for friction factor of experimental data compared 
with CFD model for laminar and turbulent regimes, respectively. Values of  0.072 and 0.12 were calculated for 
mean average error of friction factor for Manalapaz and churchill correlation relative to experimental data and Ito 
correlation compared with experimental data, respectively, as well. Values of 0.16, 0.058 of mean average error of 
friction factor were found for Manalapaz and churchill correlation compared with CFD model and Ito correlation 
compared with CFD model for laminar and turbulent regimes, respectively, too. Based on the results of Fig. 6 and 
Table 1, the CFD model can predict the friction factor with acceptable accuracy, when compared with experimental 
data. Similar to the Manalapaz and Churchill (1980) correlation- in comparison to experimental data- MAE for 
laminar flow is higher than turbulent flow. Although, the MAE of correlations relative to CFD model in both 
regimes are acceptable, but results are too closer for turbulent regime. The Manalapaz and Churchill's correlation for 
laminar regime shows more consistency with experimental data, as compared to the CFD model, while CFD model 
results are closer to experimental data in comparison with Ito's correlation for turbulent regime. 

 

 

Table.1. Comparison of the friction factors of different methods for laminar and turbulent regimes 
 

 
 
 

 
  

 
 
 

7. Conclusion 
 

Laminar and turbulent single-phase of water flow through an annular helicoidal pipe is simulated using 
computational fluid dynamics (CFD). It was found that centrifugal forces create a high velocity region near the outer 
wall of the annular helicoidal pipe. The acceleration forces acting in the fluid flow in the pipe create high pressure 

a) Laminar regime MAE 
CFD Model-Experimental Data 0.23 

Manalapaz Correlation-Experimental Data 0.072 
Manalapaz Correlation-CFD Model 0.16 

b) Turbulent Regime  
CFD Model-Experimental Data 0.057 

Ito Correlation-Experimental Data 0.12 
Ito Correlation-CFD Model 0.058 

Fig.6. Friction factor for single liquid phase flow in annular helicoidal pipe 
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region nearby the outer pipe wall. Friction factor decreases as the turbulency increases. Although, the MAE of 
correlations- CFD model in both regimes are acceptable, but results are too closer for turbulent regime. The 
Manalapaz and Churchill's correlation for laminar regime shows more consistency with experimental data, as 
compared to the CFD model, while CFD model results are closer to experimental data in comparison with Ito's 
correlation for turbulent regime.  

 
Nomenclature: 

    inner diameter (m)                                                                                                
    outer diameter (m) 

    coil diameter (m) 
   pressure (N/m2) 
   superficial velocity (m/s) 
   spatial position (m) 

f   friction factor 
L   pipe length (m) 
Greek letters 

    density of fluid (kg/m3) 
    dynamic viscosity (kg/ms) 

                                       pressure difference (Pa) 
Subscripts 
    inside/inner 
    outside/outer 

 
Dimensionless numbers 

    Reynolds number  
    Dean number  
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