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Abstract. A computational study of the micromixer form influence on the mixing efficiency and pressure drop in a wide 

range of Reynolds numbers 1 ≤ Re ≤ 300 was carried out. It was found that as the number of segments increases the 

pressure drop and mixing efficiency also increase in a whole range of Reynolds numbers. The obtained results were 

compared with a one for the T-type micromixer with direct mixing channel of the corresponding length. The dependence 

of the relative reduced mixing efficiency on the Reynolds number was obtained. It is revealed that the use of micromixers 

with a complex geometric shape allows to intensify the mixing processes, especially at low Reynolds numbers. 

INTRODUCTION 

The micromixer is one of the main components in microfluidic systems, which are widely used in biomedical 

analysis and chemical synthesis. The flow in the microchannels is usually laminar and mixing between different 

phases is largely depended on mass diffusion. Because of this, over the past two decades, various ways to increase 

the mixing productivity have been considered [1, 2]. Active micromixers usually produce good mixing, but their 

manufacturing cost is high, and integration with other devices is relatively more complex. Accordingly, passive 

micromixers are preferred in many situations, especially for single use. While active micromixers usually require 

external power sources to improve mixing, the microchannels with a specific geometry must be used to increase 

mixing performance in passive micromixers. Most of the proposed passive micromixers have shown good 

efficiency, especially in applications with fairly high Reynolds numbers. 

In applications related to chemical or biochemical reactions, for example, micro-scale total analysis systems 

(mTAS), rapid mixing at a low flow rate (Re < 10) is desirable. The designs that using patterned grooves at the 

bottom of the channel [3], the split-and-recombine (SAR) systems [4, 5], three-dimensional (3D) topological 

structures [6], chains of repeating segments with the  profiles of arbitrary design [7] or channels with a two-layer 

intersection [8] work well at low Reynolds numbers. Spiral flows formed by patterned grooves [3] or repeating 

segments with the profiles of arbitrary design [7] can increase the area of the phase boundary and, thus, facilitate 

mixing. The advection caused by a combination of SAR and 3D serpentine channels contributes to a significant 

improvement in fluid mixing [4–10]. Micromixers with crossed obstacles inside the microchannel and chain mixers 

with microstructures located on the upper and lower walls of microchannels allow achieving high mixing efficiency 

at low Reynolds numbers [11, 12]. In addition, a micromixer based on crosslinked double spiral tubes was proposed 

for quick mixing at low Reynolds numbers [13]. But most of the proposed designs complicate the mixing channel 

and increase the complexity of its manufacture. So, finding the ways to increase the mixing performance is 

necessary for many areas of science and technology.  

To reach this goal, a channel with such shape that allows reducing the fluids mixing path and increasing the 

contact area has been reviewed it this paper. A computational study of fluids mixing efficiency in micromixers with 

complex geometric shapes with different number of segments (two, four or six) has been carried out. The 

micromixer consists of inlet channels of 200x200x3400 μm in size and a mixing channel with different number of 



segments. A straight section of 200x400x700 μm and a cylindrical section with a diameter of 400 μm and a height of 

800 μm were considered as one segment. The obtained results were compared with direct T-type channels of 

corresponding length: 5891.5 μm for two segments; 11083 μm for four segments; 16274.5 μm for six segments.  

Pure water with a density of 1000 kg/m
3
 and a viscosity of 0.001 Pa·s was supplied to one of the inlets. Water 

with same properties, but tinted with paint to indicate the mixing process, was supplied to the other inlet of 

micromixer. The paint was considered as a passive scalar, its diffusion coefficient in water was 2.63·10
-10

 m
2
/s. 

Reynolds numbers ranged from 1 ≤ Re ≤ 300. 

MATHEMATICAL METHOD 

In this work were considered incompressible flows of multi-component fluids, which are described using a 

hydrodynamic approach based on the solution of the Navier-Stokes equations: 
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where ρ is the fluid density, p is the pressure, v is the velocity, and T is the tensor of viscous stresses, which 

components are determined as:  
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Here μ is the mixture viscosity and ui,j are the velocity vector components.  

The effective viscosity and the density of the mixture are determined through the components mass fraction f and 

their effective viscosities μ1, μ2 and partial densities ρ1, ρ2 respectively: 
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The evolution of mass concentrations is determined by the next equation: 
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where D is the diffusion coefficient. 

The software package for computational fluid dynamics “Ansys Fluent” was used to solve the described above 

equations system. 

The quantitative characteristic of mixing efficiency is the parameter 01 M , where 

  dVffV
V   21

 is the root-mean-square deviation of the mass fraction of mixture component f from its 

average value f ,  ff  10  is the maximum root-mean-square deviation, and V is the volume of the 

computational domain. Calculation was carried out on a polyhedral mesh with a mesh size of 10
-5

 m. 

Methodological calculations showed that such detailing of mesh is sufficient to resolve interface between two 

miscible media. Convective terms of transport equations are approximated using second-order upwind schemes 

QUICK and TVD. The Neumann conditions were specified at outlet of mixing channel. No-slip conditions were set 

on channel walls.  

RESULTS AND DISCUSSION  

A computational study of the segments number effect on mixing regimes, as well as on the mixing efficiency and 

pressure drop was carried out. The results of numerical simulations of two fluids mixing are presented as velocity 

streamlines (figs. 1, 3, 5 and 6) and as distribution of concentration field over cross-sections of micromixer (figs. 2 

and 4) for Reynolds numbers equal to 120 and 180. In the last figures, the red colour corresponds to the maximum 

concentration of the first fluid, the blue colour corresponds to the maximum concentration of the second fluid, the 

green colour corresponds to 50% concentration of both fluids, i.e. their complete mixing.  

As one can see in Figure 1, an unmixed stream enters to the first cylinder, where it swirls in a spiral, and then it 

enters to the second cylinder, where it is again swirls and mixes. It can be seen, that two main vortex structures are 

formed. The first vortex propagates along the axis of cylinders (fig. 1b) and the second one can be found in the 



upper right corner of the first cylinder and lower right corner of the second cylinder (fig. 1a). Figure 2 represents the 

mixing process of fluids in four vertical cross-sections. Vertical coordinate ranges from 0 m to 800 m. Such 

process also occurs in other cases, however, for Re = 180 a well-mixed flow enters to the first cylinder, because of 

an engulfment flow regime begins in T-shaped micromixers of such sizes already at Re = 145. Comprehensive 

investigations of mixing regimes and efficiency of T-shaped mixers, as well as the effect of the engulfment regime 

on these parameters, were carried out in [14, 15]. It was found, that mixing efficiency and pressure drop increase in 

the whole investigated range of Reynolds numbers. It can be seen in Figure 7a. It also clearly seen in this figure that 

the dependence of mixing efficiency from Reynolds number is non-linear. Moreover, several different regimes can 

be distinguished, depending on the angle of the curve in this graph. In [14, 15] were determined six different mixing 

regimes that occur in T-shaped micromixer depending on the Reynolds number. Analyzing these papers, graph in 

Figure 7a and Figures 1-4 it can be concluded, that the same regimes occur in the straight section of the first 

segment of micromixer and influence on the mixing efficiency of such complex micromixer.  

 

 
 

(a) (b) 

FIGURE 1. Velocity streamlines: a) side view b) top view. Two segments, Re=120.  
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   c)                 d) 

FIGURE 2. Concentrations distribution in the cross-sections at different distances from bottom wall of the mixer:  

a) 700 m; b) 400 m; c) 200 m and d) 100 m. Two segments, Re=120. 

 

Next, the effect of segments number on the mixing efficiency and pressure drop of micromixer was investigated. 

It was found that that two main vortex structures, described above, are formed in every cylindrical section regardless 

of the number of the segments or Reynolds number. It can be seen in Figures 5, 6, where the velocity streamlines 

represented in the micromixers with six segments at Reynolds numbers equal to 120 and 180. It was established that 

in the entire range of Reynolds numbers mixing efficiency of a micromixer with six segments was higher, than the 

same value for the mixer with two and four segments. So, at Re=50 the mixing efficiency for six segments was 1.25 

times higher, than for four segments and 2.02 times higher, than for two segments. At Re=160 the mixing efficiency 

for six segments was 1.11 times higher, than for four segments and 1.42 times higher, than for two segments. This 

can be seen from fig. 7a. Besides, it was found that pressure drop in the micromixer with six segments was higher 

than the same value for the mixer with two and four segments over the entire range of Reynolds numbers (fig. 7b). 



 

 

(a) (b) 

FIGURE 3. Velocity streamlines: a) side view b) top view. Two segments, Re=180. 
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   c)                 d) 

 

FIGURE 4. Concentrations distribution in the cross-sections at different distances from bottom wall of the mixer:  

a) 700 m; b) 400 m; c) 200 m and d) 100 m. Two segments, Re=180. 

 

 
 

(a) (b) 

FIGURE 5. Streamline of velocity: a) side view b) top view for 6 BE and Re=120.  

 

  

(a) (b) 

FIGURE 6. Streamline of velocity: a) side view b) top view for 6 BE and Re=180.  

 



At Re = 100 the pressure drop for the mixer with six segments was 1.44 times higher, than with four segments 

and 2.57 times higher, than with two segments. At Re = 250 the pressure drop mixer with six segments was 1.45 

times higher, than with four segments and 2.66 times higher, than with two segments. It is shown that an increase in 

the number of the segments increases both pressure drop and mixing efficiency of the micromixer over the entire 

range of Reynolds numbers 1 ≤ Re ≤ 300. It follows that it is necessary to use such a value as reduced mixing 

efficiency, which determined as the ratio of mixing efficiency to pressure drop. But, often, using even such a value 

is not enough to show an increase in the efficiency of the micromixer compared to a straight T-shaped mixer. 

Therefore, in this paper, it is proposed to use relative reduced mixing efficiency, which determined as the ratio of 

reduced mixing efficiency of considered micromixer to reduced mixing efficiency of straight T-shaped mixer.  

The dependences of relative reduced mixing efficiency on Reynolds number for micromixers with different 

number of segments were obtained (see fig. 8). As can be seen in that picture, the reduced mixing efficiency of 

complex geometry mixer was higher, than the same value for straight T-channels of the corresponding length in 

considered range of Reynolds numbers 1 ≤ Re ≤ 300. In particular, in the region of Reynolds numbers 1 ≤ Re ≤ 140, 

that value was the highest for the geometry with two segments and the lowest for the geometry with six segments. In 

the range of Reynolds numbers 145 ≤ Re ≤ 200, in contrast, it was observed the opposite situation, when relative 

reduced mixing efficiency shows the highest values for the geometry with six segments and the lowest for the 

geometry with two segments. In the range of Reynolds numbers 200 ≤ Re ≤ 300, it was found, that again relative 

reduced mixing efficiency was the highest for the geometry with two segments and the lowest for the geometry with 

six segments. It can be explained by the simultaneous influence of changes in flow regimes with an increase in the 

Reynolds number and the number of segments. As one can see, in some cases, the restructuring of the flow regime is 

more strongly affected in the relative reduced mixing efficiency, and in others cases, an increase in the number of 

segments has a stronger effect. 

 

  
        (a)          (b) 

FIGURE 7. The dependences of mixing efficiency (a) and pressure drop (b) on the Reynolds number  

for the micromixers with different number of segments 

 

       

FIGURE 8. The dependence of the relative reduced mixing efficiency on the Reynolds number  

for micromixers with different number of segments 



SUMMARY 

A computational study of the micromixer geometry effect on the mixing efficiency and pressure drop of such 

mixer in a wide range of Reynolds numbers 1 ≤ Re ≤ 300 was carried out. It was found that as the number of 

segments increases the pressure drop and mixing efficiency increase too. The obtained results were compared with a 

one for the T-type micromixer of the corresponding length. It was established that it is necessary to use reduced 

mixing efficiency, which determined as the ratio of mixing efficiency to pressure drop. But, often, using such a 

value is not enough to show an increase in the efficiency of the micromixer. Therefore, in this paper, it was proposed 

to use relative reduced mixing efficiency, which determined as the ratio of reduced mixing efficiency of considered 

micromixer to reduced mixing efficiency of straight T-shaped mixer. The dependence of the relative reduced mixing 

efficiency on the Reynolds number was obtained. It was shown that the relative reduced mixing efficiency of 

complex geometry mixer was higher than one in considered range of Reynolds numbers 1 ≤ Re ≤ 300. It is revealed 

that the use of micromixers with a complex geometric shape allows to intensify the mixing processes, especially at 

low Reynolds numbers, for example at Re = 140 this value about 230.  
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