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ABSTRACT 

Microfluidic devices have many attractive qualities such as low cost, small size, and in-field use. 

Micromixers are very important components of these devices because affect their efficiency. In a passive 

mixer, the structural characteristics of the mixer are crucial and must be analyzed. This paper presents a 

numerical study of the mixing in passive Y-shaped micromixers with a spherical mixing chamber for a 

volume constrained system. The effect of asymmetric bifurcated ducts, the angle in between the inflow ducts, 

eccentricity and, obstacles inserted in the mixing sphere, on the mixing efficiency and flow impedance is 

evaluated. Vortical structures characteristics and the possible occurrence of engulfment are also identified. 

The results show that flow impedance (pressure drop for unit volumetric flow rate) can be decreased greatly 

for the same mixing efficiency as the volume of the spherical mixing chamber is 20% of the total volume. 

Insertion of the obstacles into the sphere mixing chamber decreases the mixing efficiency while they increase 

the flow impedance. The results also show that spherical mixing chamber enhances mixing efficiency while 

decreasing flow impedance if the volume reserved for it is greater than a limit value which depends on the 

diameter and length scale ratios in between the mother and daughter ducts as well as the total volume. 

Overall, the paper documents the variation of mixing efficiency and flow impedance based on the geometrical 

parameters of three-dimensional asymmetric passive micromixer with sphere mixing chamber. 
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NOMENCLATURE 

A        surface area 

c         concentration 

D        channel diameter 

Dc       diffusion coefficient 

L        channel length 

M       mixing efficiency 

P         pressure 

Q        volumetric flow rate 

u         velocity vector 

U        velocity magnitude 

V        volume 

xecc      eccentricity 

 

Greek symbols 

α         angle in between inflow (daughter) ducts 

      angle in between an inflow (daughter) duct 

and y-coordinate (Fig. 1) 

         dynamic viscosity 

         density 

Subscripts 

1         outflow (mother) duct 

2         inflow (daughter) duct 

obs     obstacle 

sp       sphere 

 

  

 

 

1. INTRODUCTION 

Microfluidic technology has received great attention 

due to its importance in many diverse fields, such as 

chemistry, medicine, biology and physical sciences 

(Tabeling 2005; Nguyen and Wu 2005; Capretto et 

al. 2011; Ababaei et al. 2017; Lee and Fu 2018; 

Saleel et al. 2020). This technology has several 

http://www.jafmonline.net/
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advantages that includes the use of small amounts 

of samples and reagents, high accuracy and 

reliability, low cost and short processing time and 

high portability. An essential component of this 

technology is the micromixer that together with 

components are on the basis of lab-on-a-chip 

devices. Micromixers can be classified as belonging 

to one of the two categories: active and passive. The 

main difference between them is that the first relies 

on external energy sources, while the second relies 

on geometrical characteristics. Comprehensive 

reviews on micromixers are presented elsewhere 

(e.g., Nguyen and Wu 2005; Capretto et al. 2011; 

Ababaei et al. 2017; Lee and Fu 2018; Cetkin and 

Miguel 2019; Saleel et al. 2020). 

This paper is about passive mixers which are robust, 

easy integration and simple manufacturing. T- and 

Y-shaped micromixers, in which the inlet of two 

streams are contacted at the junction where the 

mixing process begins, are basic components of any 

complex micromixing apparatus (Tabeling 2005; 

Lee and Fu 2018). At very low Reynolds number, 

fluid flow is laminar, and mixing is due to diffusion. 

Increasing the Reynolds number becomes a steady 

symmetric vortex flow, and then a steady 

asymmetric vortex flow (i.e., an engulfment regime 

because of the similarity to the structures originated 

in turbulent flow). The transition from symmetric to 

asymmetric flow, which is generated even in 

symmetric configurations (Fani et al. 2013; Cetkin 

and Miguel 2019), increases mixing efficiency.  The 

critical Reynolds number for the transition to 

asymmetric flow depends on the geometry of the 

bifurcated geometry (e.g., size, asymmetry of T- 

and Y-shaped channels (Fani et al. 2013; Cetkin 

and Miguel 2019)), and thermophysical properties 

of mixing fluids (Orsi et al. 2013; Lobasov and 

Minakov 2018; Shah et al. 2020). Despite the 

benefit of operating above the critical Reynolds 

number on enhanced mixing efficiency, there is an 

increase of power input to operate the device. Other 

possible solution relies on altering the design of 

passive mixers to enhance mixing efficiency. 

Attempts are made by either varying the shape of 

the channels by inserting obstacles, ridges, baffles, 

grooves, curves in the flow paths (Kim et al. 2011; 

Cook et al. 2013; Alam et al. 2014; Kang 2015; 

Marschewski et al. 2016; Ritter et al. 2016; Li and 

Chen 2017; Chen and Zhao 2017; Wangikar et al. 

2018; Cetkin and Miguel 2019; Zhan et al. 2020) 

and by split-recombine chaotic design of 

micromixers (Viktorov et al. 2016, Chen and Shen 

2017; Hermann et al. 2018; Shaha et al. 2019). 

Furthermore, (Madadelahi et al. 2020) reviews the 

theoretical aspects and numerical studies in the field 

of centrifugal microfluidic devices which includes 

the essential equations and fundamental concepts in 

microfluidics.     

The above modifications in the mixer geometry 

may increase the surface area and disturb the fluid 

streams which yield an increase in mixing 

performance but also lead to pressure drop (flow 

impedance) penalties. So, there is a fundamental 

tradeoff between the two trends and the chief result 

to obtain should be the best design to provide great 

mixing and access to streams. For the best design to 

emerge, size constraints must be included in the 

analysis. The emergence of designs that offer 

progressively greater access to streams to achieve 

that goal, under constraints, can be obtained in light 

of a principle—the constructal law (Bejan 2000, 

2008; Bejan and Lorente 2008; Miguel 2010) This 

law of configuration generation was used to predict 

basic feature of natural and engineered flow 

systems (see, e.g., (Bejan 2000, 2012; Miguel 2013, 

2016, 2019; Cetkin 2017; Lucia and Deisboeck 

2018; Soni et al. 2020).  

In the present paper, mixing process in Y-mixer 

with spherical mixing chamber is studied and 

characterized by means of numerical simulation. 

We focus herein on the identification of the effect 

of asymmetric ducts, angle in between the inflow 

ducts, eccentricity and obstacles inserted in the 

mixing sphere, on the mixing efficiency and flow 

impedance is analyzed. Unlike the current literature, 

this paper documents the effect of geometrical 

parameters of a 3-D micromixer such as angles in 

between mother and daughter ducts to increase 

residency time in the spherical mixing chamber. 

This approach yields enhancement in the mixing 

efficiency while uncovering how the pressure drop 

can be minimized.   

2. MODEL 

We consider here a Y-shaped mixer made by two 

inflow ducts (i.e., daughter ducts) connected with a 

spherical mixing chamber that is attached to an 

outflow duct (i.e., mother duct), depicted in Fig. 1. 

The cross sections of the ducts are circular. 

Diameter and length of the mother and daughter 

ducts are D1 and L1, and D2 and L2, respectively, ∝ 

is the angle in between the daughter ducts, and β is 

the angle in between one of the daughter ducts and 

z-coordinate as shown in Fig. 1. The other daughter 

duct does not rotate along the z-axis (β =0) which 

creates asymmetry even the length and diameter of 

the daughter ducts are the same. To take into 

account the fact that space is limited, the volume of 

the flow domain (2 daughter ducts, 1 mother duct 

and a mixing chamber) is constrained to a fixed 

value (
10 310V m−= ). The concentrations (c) at the 

inlet ducts are 1 and 0, where the species are carried 

with water at the room temperature with the density 

of 
3 310 /kg m = and dynamic viscosity of 

310 .Pa s −= . In addition, the diffusion coefficient 

is 
9 210 /cD m s−= . The fluids enter to daughter 

ducts at fixed Reynolds number (i.e., inlet velocity 

varies as diameters change but Re is 100). There is 

no mixing along the inlet ducts, and fluids begin to 

interact at the spherical mixing chamber (Fig. 1). 

Because the inlet of daughter ducts is asymmetric, 

the momentum of the fluids entering to the mixing 

chamber from the daughter ducts yield additional 

rotation to the fluid inside the mixing chamber. 

Therefore, the time spent in the mixing chamber 

and interaction between the low and high 

concentration fluid packages increases. The mixing 
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of the fluids continues until they leave from the 

outlet surface of the mother duct. 

     

 
Fig. 1. (a) Design of 3-D asymmetric Y-shaped 

micromixer with spherical mixing chamber and 

(b) top view of it with boundary conditions. 

Incompressible flows of multi-component can be 

described as Newtonian fluids since the ducts size 

are greater than 1 μm (Omori et al. 2012; Miguel 

2015). We consider here the incompressible, 

laminar and steady state flow inside the mixer  

(Fig. 1), where fluid is single phase with constant 

material properties. The fluid motion is described 

by the three-dimensional incompressible Navier-

Stokes equations.  

. 0u =                                                                 (1) 

2( . )u u P u  = − +                                         (2) 

where u is the velocity vector, P is the pressure, µ is 

the dynamic viscosity, and  is the density.  

The velocity field by solving the conservation of 

mass and momentum equations (Eqs. 1-2) was 

inserted into the convection-diffusion equation, Eq. 

3, which governs the distribution of the 

concentration. 

2. cu c D c =                                                        (3) 

where c is the concentration, and Dc is the diffusion 

coefficient. 

No-slip boundary conditions were imposed at the 

mixer walls, while a unidirectional fully developed 

velocity profile is assumed at the inlet ports. 

Outflow condition is zero gage pressure.  

The mixing efficiency is defined as (Cetkin and 

Miguel 2019) 

2

1

ic c
dA

c
M

dA

− 
 
 = −




                (4) 

Where ci and c  are local and average 

concentrations at the surface of interest, 

respectively, and dA denotes derivation of the 

surface area through which mixture flows. Here 

2
ic c

c

− 
 
 

 is integrated over the surface of interest 

(outlet port of the mother duct), and then it is 

divided to the surface area of it.  

The governing equations were solved relative to the 

boundary conditions as shown in Fig. 1 by using a 

finite element software, COMSOL Multiphysics 5.0 

(Comsol, 2014). The solution procedure is the same 

as described in Cetkin and Miguel (2019), where 

unstructured mesh elements with 5 layers of 

boundary layer meshes were applied, and the 

convergence criterion during the simulations was 

10-6. 463725 number of mesh elements conform 

mesh independency (less than 1% relative error), 

and the current study was also validated based on 

the work of (Chen and Zhao 2017) where the details 

can be found in (Cetkin and Miguel 2019). 

3. ASYMMETRIC Y-SHAPED MIXER 

WITH A SPHERICAL MIXING 

CHAMBER 

Consider the asymmetric mixer with a spherical 

mixing chamber between two inflows and one 

outflow ducts (Fig. 1). Size-limiting constraints are 

fixed volume of the mixer (
10 310V m−= ), and 

fixed ratio of the spherical mixing chamber volume 

relative to the entire volume of the mixer (Vsp=0.1). 

The effect of eccentricity (xecc) of the imaginary 

intersection point of the daughter ducts from the 

origin of the sphere is surveyed parametrically. 

Figure 2 shows the effect of both the angle ∝ and 

the eccentricity on mixing efficiency (Eq. 4) and 

flow impedance (pressure drop over volumetric 

flow rate, P/Q) when β = 0o (i.e., the angle in 

between the inflow (daughter) ducts and 

 z-coordinate is zero (Fig. 1)). Both mixing 

efficiency and flow impedance increases as ∝ 

increases. However, for a given ∝, eccentricity may 

increase or decrease mixing efficiency and flow 

impedance for the considered geometrical length 

scale ratios. Notice that the maximum increase in 

the mixing efficiency and flow impedance are 2 and 

1.5%, respectively. In general, the results show that 

the eccentricity slightly affect the mixing efficiency. 

An eccentricity of 30μm which corresponds to the 

optimal mixing efficiency and flow impedance will 

be considered for the mixing chamber designs 

afterwards.  

Figure 3 documents how α and β angles, can be 

seen in Fig. 1, affect the mixing efficiency (Eq. 4) 

and the flow impedance (P/Q) for L1/L2=6, 

L2/D2=10 and D1/D2=1. Figure 3a shows that 

increasing β from 0o to 10o increases the mixing 

efficiency. This is a remarkable result that 

documents that the design of the micromixer should 

be three-dimensional in order to maximize mixing 

efficiency. Figure 3a also shows that, for the angles 

between inlet ducts greater than 40o, the mixing 

efficiency decreases as β increases from 10 to 

40-60o. Then increasing β yields a fluctuating 

behavior on the mixing efficiency. 
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Fig. 2. Effect of eccentricity of the origins (xecc) 

and ∝ on (a) the mixing efficiency and (b) flow 

impedance for L1/L2=6, L2/D2=10 and D1/D2=1. 

 

 

Fig. 3. Effect of α and β on (a) the mixing 

efficiency and (b) impedance for L1/L2=6, 

L2/D2=10, D1/D2=1, and xecc=30μm. 

 

In addition, this plot shows that for α lower than 

40o, the mixing efficiency fluctuates as β increases. 

However, it should be noted that the maximum 

difference is about 3% (Fig. 3a). In summary, fluids 

mix more efficiently in the spherical chamber if 

β>0, because fluids rotate, and the interaction time 

increases. 

The effect of α and β on the flow impedance is 

depicted at Fig. 3b. Notice that the flow impedance 

variation is very small, less than 2%.  

Next, the angles α and β corresponding to the 

maximum mixing efficiency are fixed, and the 

effect of size ratios of successive ducts segments 

L1/L2 and D1/D2 were analyzed. Figure 4a shows 

that the mixing efficiency increases as L1/L2 

increases.  This means that the outlet duct not only 

conducts fluids but plays an integral role in mixing 

process.  

 

 

Fig. 4. Effect of L1/L2 and D1/D2 on (a) the 

mixing efficiency and (b) impedance when α and 

β are 20 and 80o with L2/D2=10 and xecc=30μm. 

 

The effect of D1/D2 on the mixing efficiency is also 

shown in Fig. 4a. This figure shows that increasing 

D1/D2 does not necessarily mean an increase in 

mixing efficiency, as does a simple Y-mixer 

without mixing chamber (Cetkin and Miguel 2019). 

For L1/L2<5, the mixing efficiency decreases with 

D1/D2, but for length ratios equal to or greater than 

5, the mixing efficiency is almost constant. Please 

note that Vsp is 0.1. Therefore, for low L1/L2 ratios 

diameter of the sphere mixing chamber is smaller 

than the sudden diameter changes in between the 

daughter and mother channels. This also decreases 

the volume which would be occupied by the mother 

and daughter channels, i.e. decreased length. These 

factors decrease in the mixing efficiency when 

L1/L2<5 as the dominant mixing is occurring along 

the mother channel due to diffusion. Therefore, this 

transition limit shows when the mixing efficiency 

becomes more with sphere mixing chamber than 

without it, i.e. mixing dominated by diffusion along 

the mother channel. Note that this transition limit 

would change as Vsp varies, i.e. as Vsp decreases its 

effect on the mixing is expected to diminish. As 

presumed, decreasing L1/L2 and increasing D1/D2 
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ratios decrease the flow impedance (Fig. 4b). Notice 

that a flow system with L1/L2=5 represents a good 

trade-off between mixing efficiency and flow 

impedance.  It is also remarkable to find that the Y-

mixer with mixing chamber (Fig. 1), with optimized 

eccentricity and β enhances mixing efficiency and 

decreases flow impedance compared to a simple Y-

mixer (see Fig. 13 of Cetkin and Miguel (2019). For 

L1/L2=4 and D1/D2=1, there is an increase of 6% in 

mixing efficiency and a decrease of more than 50% 

in the flow impedance. 

We shall now consider that L1/L2 is fixed as 3. The 

effect of spherical mixing chamber volume fraction 

and D1/D2 ratio on both the mixing efficiency and 

flow impedance is depicted at Fig. 5. According to 

this plot, increasing the volume of the spherical 

mixing chamber increases both mixing efficiency 

and flow impedance. It is important to observe that 

for Vsp=0.25, the mixing efficiency is practically 

independent of D1/D2, and higher than 95% (Fig. 

5a). Furthermore, the flow impedance can be 

minimized for D1/D2=1.8 (Fig. 5b). Note that flow 

impedance varies less than 3% when D1/D2 varies 

from 1.6 to 2. In addition, Fig. 5 confirms the 

reasoning deduced from the results of Fig. 4 

because increase in the Vsp enhances the mixing 

efficiency comparatively more if D1/D2 ratio is 

greater. 

 

 

Fig. 5. Effect of Vsp and D1/D2 on (a) the mixing 

efficiency and (b) impedance for the design of 

Fig. 4 with L1/L2=3. 

 

As expected, flow impedance increases as Vsp 

increases too. However, Figs. 4b and 5b shows that 

the effect of Vsp on flow impedance is relatively 

small in comparison to the effect of L1/L2. These 

results clearly indicate that for Vsp~0.2, D1/D2~1.6 

and L1/L2~3 the mixing efficiency is greater than 

95% and the value of flow impedance is relatively 

low in comparison to the competing designs. 

Figure 6 shows the velocity streamlines versus the 

concentration field, where blue and red colors 

represent 0 and 1 concentrations, respectively. 

Figure 6a shows that the mixing occurs almost 

entirely in the mixing chamber when D1/D2=1.8, 

Vsp=0.25 and, L1/L2=3. To understand how the 

fluids are mixing within the spherical chamber, the 

section near the mixing chamber is depicted at Fig. 

6b. This figure shows that fluids with different 

concentrations collide near the origin of the sphere 

and rotate in the mixing chamber before entering to 

the mother channel. Notice that at spherical 

chamber with volume Vsp=0.05 (Fig. 6c), fluids 

collide but does not rotate before they flow to the 

outflow duct. Therefore, most of the mixing occur 

along the outflow duct. This explains why the 

mixing efficiency increases as the mixing chamber 

volume increases too. Overall, concentration 

streamlines also confirm the existence of a limit 

value for the spherical mixing chamber to enhance 

mixing efficiency as deduced from the results 

depicted in Figs. 4 and 5. 

 

1

0.8

0.6

0.4

0.2

0

(a)

(b) (c)

c

 

Fig. 6. Velocity streamlines for the designs with 

D1/D2=1.8 and L1/L2=3, where blue and red 

colors represent concentrations of 0 and 1: 

(a) Vsp=0.25, (b) Vsp=0.25 (detail of mixing 

chamber) and (c) Vsp=0.05 

(detail of mixing chamber). 

4. Y-MIXER WITH OBSTACLES 

INSERTED IN THE SPHERICAL 

CHAMBER 

Studies show that the obstacles embedded along the 

outflow duct enhance the mixing because disrupt 

flow and reduce diffusion path, and therefore its 

length can be reduced (Nguyen 2005; Cetkin and 

Miguel 2019). Obstacles may be placed inside the 

spherical chamber, that connects inflow ducts to 

outflow duct. Next, we consider that the obstacles 

are embedded inside the spherical chamber. The 

ratio between lengths L1/L2 is fixed at 2 and 3, 

while the obstacles and spherical chamber volumes 

vary. Obstacles are embedded in between the center 
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of spherical chamber and the entrance of mother 

duct (see Fig. 7a), and their volume does not change 

the total flow domain volume. 

Figures 7 and 8 show the results for micromixers 

with 7 embedded obstacles.  The variation of 

mixing efficiency and flow impedance with the 

spherical chamber and various obstacle volume 

fractions are represented in Figs. 7b and 7c. 

According to these figures, mixing efficiency 

increases with the spherical chamber volume 

fraction, but surprisingly, it decreases with the 

obstacle volume fraction. This means that obstacles 

placed near the outlet of spherical chamber have a 

negative impact on mixing (Fig. 8). As expected, 

both the increasing of obstacles volume ratio and 

the decreasing of spherical chamber volume ratio 

increase the flow impedance. In summary, 

embedding obstacles into the spherical mixing 

chamber has a double penalty because it does not 

enhance the mixing efficiency while it increases 

flow impedance. 

 

Fig. 7. Y-mixer with 7 embedded obstacles in the 

spherical chamber (α= 20º, β= 80o, xecc=30μm): 

(a) Detail of position of embedded obstacles 

within the spherical chamber, (b) Mixing 

efficiency vs. Vsp and Vobs, and (c) Flow 

impedance vs. Vsp and Vobs. 

 

The number of obstacles that are embedded in 

between the center of spherical chamber and the 

entrance of the mother duct is increased to 9 for the 

same length scales of Fig. 7. The results for 

micromixers with 9 embedded obstacles are 

depicted at Figs. 9 and 10.  In general, the profile of 

variation of mixing efficiency and flow impedance  

 

Fig. 8. Velocity (a, b, c and d) and concentration 

streamlines (e, f, g and h) for Vobs = 0.005, 0.01, 

0.015 and 0.02, respectively, for Y-mixer with 7 

embedded obstacles in the spherical chamber, 

 α= 20º, β= 80o, xecc=30μm, Vsp=0.2, L1/L2=2. 

 

 

Fig. 9. Y-shaped mixer with 9 embedded 

obstacles in the spherical chamber (α= 20º, 

β= 80o, xecc=30μm): (a) Detail of position of 

embedded obstacles within the spherical 

chamber, (b) Mixing efficiency vs. Vsp and Vobs, 

and (c) Flow impedance vs. Vsp and Vobs. 
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Fig. 10. Velocity (a, b, c and d) and concentration 

streamlines (e, f, g and h) for Vobs = 0.005, 0.01, 

0.015 and 0.02, respectively, for Y-mixer with 9 

embedded obstacles in the spherical chamber, 

α= 20º, β= 80o, xecc=30μm, Vsp=0.2, L1/L2=3. 

 

is similar for Y-mixer with 7 and 9 embedded 

obstacles. These figures also reveal that the mixing 

efficiency decreases as the number of obstacles 

increases from 7 to 9, except for Vobs>0.015 and 

Vsp=0.1 (there is an increase of mixing efficiency), 

and for Vsp=0.2 and L1/L2=3 (mixing efficiency is 

constant). In summary, the increase in complexity 

by introducing obstacles in the mixing sphere is 

counterproductive. Under similar geometrical and 

flow conditions, a smooth spherical chamber 

generates much better mixing efficiencies and flow 

impedances than an obstacle-embedded spherical 

chamber for similar geometrical and flow 

conditions. 

6. CONCLUSIONS 

Passive micromixer that consists of two asymmetric 

inflow ducts and an outflow duct linked by a mixing 

sphere in between is studied numerically. Two 

designs were considered for volume constrained 

systems: mixing sphere with and without obstacles 

inserted in it. The performance was evaluated for 

various outflow to inflows duct size ratios, angles 

between inflow ducts, angle in between an inflow 

duct and z-coordinate, and eccentricity. The results 

allow us to draw several conclusions.  

Micromixer design must be considered always as 

three-dimensional. Only then parameters such as the 

eccentricity can be included. Asymmetric inflow 

ducts improve the mixing efficiency. Length and 

diameter ratios between outflow and inflows ducts 

influence both the mixing efficiency and the flow 

impedance. The mixing efficiency increases as the 

length ratio of outflow duct to inflow ducts 

increases too. In general, mixing efficiency and 

flow impedance increase with both the angle 

between inflow ducts, and the angle in between an 

inflow duct and z-coordinate. However, the 

eccentricity may increase or decrease the mixing 

efficiency and flow impedance. The results also 

show that mixing efficiency increases with the 

insertion of spherical mixing chamber if the volume 

allocated for the mixing chamber is greater than a 

limit value which depends on the ratio of the mother 

and daughter channel diameters and overall volume. 

Mixing efficiency decreases if allocated volume is 

less than this limit value. Therefore, embedding 

spherical mixing chamber does not automatically 

ensure enhancement in the mixing efficiency. 

Finally, introducing obstacles in the mixing sphere 

decrease the mixing efficiency, which is lower with 

a smaller number of obstacles. A smooth spherical 

chamber provides a better performance because 

flows are freer to rotate and the interaction time in 

the mixing chamber is greater. 
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