
		
			[image: Cover image]
		

	
    
      
        
          	
          	
        

        
          	
        

        
          	
            [ Article ]
          
        

        
          	 - Vol. 38, No. 10, pp.1269-1274
        

        
          	ISSN: 2234-7925			
					(Print)
				2234-8352			
					(Online)
				
        

        
          	Print  publication date Dec 2014

        

        
          	Received  18 Nov 2014
Revised  15 Dec 2014
Accepted  31 Dec 2014

        

        
          	
            JKOSME_2014_v38n10_1269

            DOI: 
            https://doi.org/10.5916/jkosme.2014.38.10.1269
          
        

        
          	
            CFD analysis of geometric parameters that affect dean flow in a helical microchannel
          
        

        
          	
            
              
                PrasadBibin
              

              
                KimJung Kyung
                
                  
                
              

            

          
        

        
          	
            
          
        

        
          	
            


          
        

        
          	
            Correspondence to: † School of Mechanical Systems Engineering, Kookmin University, 77 Jeongneung-ro, Seongbuk-gu, Seoul 136-702, Korea, E-mail:  jkkim@kookmin.ac.kr, Tel: 02-910-4767

          
        

        
          	
Copyright ©  The Korean Society of Marine Engineering

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
        

        
          	
            

            

          
        

      

      
        
          	
          	
        

      

      
        
          
            Abstract
          
        

        
          Due to the presence of Dean flow in curved ducts, helical channels have drawn attention recently because of the practical industrial applications. The manipulation of fluids through microfluidic devices is widely used in many scientific and industrial areas. In the present study, numerical simulations were performed on a helical microchannel to predict the impact of different design parameters that affect Dean flow. Important geometric parameters such as the channel cross section, pitch, radius of curvature, and number of turns were considered for the analysis. The study also incorporates the effect of varying flow rate on Dean flows. It was found from the simulation results that microchannel cross section and pitch have a significant impact on maintaining the Dean flow, compared to the radius of curvature, number of turns, and flow rate.
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      Nomenclature
      ρ    density of fluid (kg/m3)

      V    average fluid velocity (m/s)

      Dh   hydraulic diameter (m)

      μ     dynamic viscosity of fluid (kg/m×s)

      R     radius of curvature (m)

      Re   Reynolds number

      De   Dean number

      w     width of the microchannel (μm)

      h      height of the microchannel (μm)

      u      fluid velocity (m/s)

      Si     mass distributed per unit mass

      h      thermal enthalpy

      QH      heat source per unit volume

      Ԏik      viscous shear stress tensor

      qi      diffusive heat flux

    

    

  
    
      1. Introduction
      Helical microchannels are widely applied in many areas because of their compact structure and the Dean flow that occurs within them [1]. Dean flows through curved channels are getting more attraction, not only because of the practical importance for various industrial applications but also because of the physically interesting phenomena [2]-[4]. Curvature in a duct causes centrifugal forces to act on the flowing fluid, which in turn results in a secondary flow that is perpendicular to the main axial flow [5]. This secondary flow has two counterrotating vortices that move fluid from the inner wall, through the duct center, and then towards the outer wall. After reaching the outer wall, the fluid then travels back to the inner wall, following the wall. These counter-rotating vortices are referred to as Dean flows [6]-[8]. These flow principles can be widely applied in microfluidic devices for manipulating fluids, which are used in many fields of science and technology [9].

      Flow in microdevices has applications in many different areas, such as biomedical engineering, electro kinetics, mixing and dispersion, and multiphase flow. For instance, the development of Dean flow in a curved microchannel helps to enhance the lateral migration of particles, which in turn leads to the separation of particles [7]-[9]. With a shear-induced inertial lift force and Dean drag force, an alteration of larger and smaller particle equilibrium positions can be achieved by redistributing the velocity profile [10]. Dean flow plays a critical role in separation of particles, because in addition to focusing the larger particles in a single stream, the Dean flows will transpose the smaller particles from the inner half to the outer half of the microchannel cross section, which in turn results in migration of the particles [2][8][9]. In the present study, numerical simulations were performed on a helical microchannel to predict the effect of parameters such as channel cross section, pitch, radius of curvature, number of turns, and flow rate on Dean flow.

    

    

  
    
      2. Numerical Simulation
      
        2.1 CFD Analysis
        The numerical simulations were carried out with the aid of the commercial CFD code SolidWorks Flow Simulation. The 3D physical models for the analysis were modeled in SolidWorks, as shown in Figure 1. The flow was set to be steady, incompressible, and non-turbulent. The properties of the fluid, such as density and viscosity, were set equal to those of water (density = 991 kg/m3 and viscosity = 0.001 Pa×s). The inlet boundary condition was a fixed flow rate, while the outlet was set to zero pressure with no viscous stress condition. A no slip condition was enforced at the channel walls. Laminar flow equations were used to solve the specified conditions. Grid independence studies were conducted from coarser to finer meshes, until the optimal mesh size was found.

        
          
          

          Figure 1: 
				
          

          
            3D physical model of a helical microchannel
          
          

          

        

      

      
        2.2 Governing Equations
        Flow simulation works on the basis of Navier-Stokes equation, which are formulations of mass, momentum and energy conservation laws for fluid flows. It uses one system of equations to solve the laminar and turbulent flows which will calculate the flow according to the given conditions. The governing equations can be written in a Cartesian coordinate system with an angular velocity through the axis of rotation in the conservation form as,

        
          
        

      

      
        2.3 Model Validation
        To assess the accuracy of the CFD results obtained from Flow Simulation, a validation study was conducted by comparing the

        CFD results with those in a spiral microchannel by Martel et al. [10]. In the present study, a 5 turned rectangular spiral microchannel with an aspect ratio of 8 and a radius of curvature = 1.5 mm was modeled in SolidWorks and simulated in Flow Simulation. The simulations were performed under varying velocities of 0.1 to 2.5 m/s in the spiral microchannel, with the assumptions and boundary conditions mentioned above. Figure 2 shows that the results obtained are in very good agreement with the previous study. The calculated values of Reynolds number (Re) from Figure 2 (a) and Dean number (De) from Figure 2 (b) showed a linear relationship with varying velocities, which was found to be in the same range as that of the previous study.

        
          
          

          Figure 2: 
				
          

          
            Comparison of (a) Reynolds number (Re) and (b) Dean number (De) under different velocity for a spiral microchannel from the present study and the previous study [10].
          
          

          

        

      

    

    

  
    
      3. Results and Discussion
      Helical microchannel design is based on geometric factors such as channel cross section, pitch, number of turns and radius of curvature. Therefore, it is very important to perform a case– by-case parametric study by varying each individual parameter while fixing the others as constant, to determine the impact of each parameter on Dean flow. The advantage of such a study is that an optimum design condition for the helical microchannel could then be derived by researchers according to the type of application in their respective field of interest. The magnitude of the Dean flow is represented by using the dimensionless Dean number (De) and it can be calculated mathematically by using the relation [7][8]:

      
        
      

      
        3.1 Effect of channel cross section
        Figure 3 illustrates the variation in velocity vectors for the helical microchannel at a flow rate of 0.4 mL/min, 1 mL/min, 2 mL/min and 4 mL/min corresponding to four different aspect ratios: 7.5 (w/h = 600 μm/80 μm), 3 (w/h = 600 μm/200 μm), 1.5 (w/h = 600 μm/400 μm), and 0.75 (w/h = 600 μm/800 μm). In this case, along with the microchannel cross section, channel flow rate was also varied so that the effect on channel cross section can be clearly studied by maintaining a constant average input velocity, and all other parameters were fixed: Pitch = 1 mm, radius of curvature = 2.5 mm, and number of turns = 2. From the contours, we can see a disappearance of rotating Dean flow vectors at the low cross sectional height of 80 μm when compared to the higher channel heights. This means that in order for a proper Dean flow to occur in a helical microchannel, the channel aspect ratio (w/h) is an important factor; the height should not be too small in comparison to the width. At higher channel cross sectional size the Dean flow is maintained consistently, even at a height of 800 μm. The calculated Dean number takes values of De = 0.5, 33.5, 64.9, and 100.1 for channel heights of 80, 200, 400, and 800 μm, respectively. The changes in Dean number were due to the change in hydraulic diameter with respect to the average velocity of the flowing fluid.

        
          
          

          Figure 3: 
				
          

          
            Velocity contours with vectors for helical microchannels under different aspect ratios (w/h, all in μm): (a) 600/80, (b) 600/200, (c) 600/400, and (d) 600/800.
          
          

          

        

      

      
        3.2 Effect of pitch
        A helix with 2 turns, radius of curvature 2.5 mm, and aspect ratio of 1.5 (w/h = 600 μm/400 μm) was modeled at pitch values of 1, 1.5, 2, and 2.5 mm. Figure 4 shows the variation in velocity with Dean vortices at different pitch values under a flow rate of 2 mL/min. From the figure, it can be seen that as the pitch value increases from 1 to 2.5 mm, the Dean flow vortices begin to disappear due to the increase in distance between the two channel loops. Therefore, when designing a helical microchannel, the pitch value should be maintained at a minimum with respect to the microchannel aspect ratio. Furthermore, the calculated Dean number shows a decrease in its value from De = 64.9 for 1 mm pitch to De = 60.3 for 2.5 mm pitch, which indicates a decrease in the velocity in the microchannel fluid flow that is associated with the increase in pitch.

        
          
          

          Figure 4: 
				
          

          
            Velocity contours with vectors for helical microchannels under different pitches: (a) 1, (b) 1.5, (c) 2, and (d) 2.5 mm.
          
          

          

        

      

      
        3.3 Effect of radius of curvature
        Figure 5 depicts the variation in velocity with Dean flow vectors in the microchannel cross section at a flow rate of 2 mL/min for different curvatures. A helical microchannel with 2 turns, pitch of 1 mm, and aspect ratio of 1.5 (w/h = 600 μm/400 μm) was considered in this case. It can be seen from the contours that as the radius of curvature increases from 1 to 2.5 mm, the Dean flow patterns are not greatly distorted in the microchannel cross section, but there is a decrease in the Dean number value from De = 96.7 at 1 mm radius of curvature to De = 67.9 at 5 mm radius of curvature. This is because of the decrease in velocity in the helical microchannel with an increase in De = 64.9 at 5 mm radius of curvature. Therefore, the effect of the radius of curvature on Dean flow vortices is less significant than that of the cross sectional size and pitch.

        However, a low radius of curvature can cause a high flow velocity, which may be an advantage for certain microfluidic applications.

        
          
          

          Figure 5: 
				
          

          
            Velocity contours with vectors for helical microchannels under different radii of curvatures: (a) 1, (b) 1.5, (c) 2, and (d) 2.5 mm.
          
          

          

        

      

      
        3.4 Effect of number of turns
        A helical microchannel with a pitch of 1 mm, radius of curvature of 2.5 mm, and aspect ratio of 1.5 (w/h = 600 μm / 400 μm) was modeled with 2, 4, 6, and 8 turns. Fig. 6 illustrates the variation in velocity with Dean flow vortices under a flow rate of 2 mL/min in the microchannel cross section for different numbers of turns. It can be visualized from the contours that as the number of turns increases, the Dean flow vortices are maintained consistently throughout the flow. The increase in the number of turns does not have sufficient effect on the Dean flow to distort its pattern. However, there is a decrease in flow velocity as the number of turns increases due to the increase in length of the helical channel, which causes the value of Dean number to decrease from De = 64.9 for 2 turns to De = 59 for 8 turns. Therefore, for a helical microchannel with more turns, a high input flow rate is recommended.

        
          
          

          Figure 6 
				
          

          
            Velocity contours with vectors for helical microchannels for different number of turns: (a) 2, (b) 4, (c) 6, and (d) 8 turns.
          
          

          

        

      

      
        3.5 Effect of flow rate
        Figure 7 illustrates the variation in velocity with Dean flow vortices in the microchannel cross section for different flow rate conditions: 2, 4, 6, and 8 mL/min. A helical microchannel with 2 turns, pitch of 1 mm, radius of curvature of 2.5 mm, and aspect ratio of 1.5 (w/h = 600 μm/400 μm) was considered for this case. It is clear from the contour that as the flow rate increases, the Dean flows are maintained throughout the flow variation by the generation of stronger Dean vortices than in the other cases. The increase in flow rate obviously results in an increase in the Dean number value from De = 64.9 for 2 mL/min to 261.4 for 8 mL/min. Therefore, a properly designed helical microchannel with a better flow rate can give consistent flow distribution with good Dean flow patterns, which can be widely applied to relevant application areas.

        
          
          

          Figure 7: 
				
          

          
            Velocity contours with vectors for helical microchannels for different flow rates: (a) 2, (b) 4, (c) 6, and (d) 8 mL/min.
          
          

          

        

      

    

    

  
    
      4. Conclusion
      In the present study, CFD based simulations were performed on a helical microchannel to determine the impact of various design parameters that affect the rotating Dean flow vortices. Simulations were carried out for following parameters: channel cross section, pitch, radius of curvature, number of turns, and flow rate. From the results, it was found that channel cross section and pitch have a significant impact on Dean flow vectors that are maintained in the microchannel cross section, in comparison to the other parameters. Furthermore, the flow rate study indicates that an optimal flow rate can cause strong Dean flow vortices. Therefore, by considering the above-mentioned parameters, a helical microchannel can be designed and developed efficiently with consistent Dean flow patterns, suitable for use in various microfluidic application areas.
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