
2162 
Journal of Applied Sciences Research, 8(4): 2162-2174, 2012 
ISSN 1819-544X 
This is a refereed journal and all articles are professionally screened and reviewed 
 

ORIGINAL ARTICLES 
 

Corresponding Author: U. Hashim, Nano structure Lab on Chip research Institute Of Nano Electronic Engineering, 
Universiti Malaysia Perlis(UniMAP) 

             E-mail: uda@unimap.edu.my,pu3_aliaa@yahoo.com,tijjaniadam@yahoo.com 

Numerical Simulation of Microfluidic Devices 
 

1U. Hashim,  2P. N.A. Diyana and 1Tijjani Adam 
 

1Nano structure Lab on Chip research Institute Of Nano Electronic Engineering, Universiti Malaysia 
Perlis(UniMAP) 
2School of Microelectronic Engineering, Universiti Malaysia Perlis(UniMAP) 
Perlis Indera Kayangan, Malaysia. 

 
ABSTRACT 
 

Because of the sizes and the capabilities, the Microfluidic devices has got the spectacular attention with a 
number of significant advantages. Microfluidics devices refer to a set of technologies that control the flow of 
liquids or gases typically measured in a miniaturized system. This review aims at summarizing three important 
components in Microfluidic devices that are Micromixer, Microchannel and Microchamber in fluid handling 
capabilities. Investigations in recent five years using Micromixer either using active or passive mechanisms of 
fluid manipulation for mixing will were elaborated. The Microchannel mixing either with laminar flow and 
turbulent flow experiment were also elaborated. Lastly, the applications of Microchamber as a component part 
in Microfluidic devices also reviewed. 
 
Key words: microfluidic devices. Fluid handling, active and passive micromixer, miniaturized system,  
                   micromixer, microchannel, microchamber, laminar flow and turbulent flow. 
 
Introduction 
 

Research on a miniaturized fluidic system have drawn attention recently as it can reduced the application of 
the usage laboratory equipment and space using only a chip that would fit in the palm of a hand. The smaller 
devices may be often generally cheaper, especially if their design makes them amenable to the mass production 
methods. Microfluidic system normally consists of a Micropump, Micromixer, Valve, Separator and 
Concentrator for the fluid transport. Typical current applications of microfluidic are in biomedical sciences. In 
biomedical and chemical analysis, a sample solution is often to be tested with a reagent. The two solutions 
should be well mixed to make the reaction possible. While in macroscale, mixing is achieved with turbulence, 
mixing in microscale relies mainly on diffusion due to the laminar behaviour. All micromixers work in laminar 
regime and rely entirely on diffusion. General design requirements for micromixers are: fast mixing; small 
devices area; integration ability in a more complex system. Fast mixing time can be achieved by decreasing the 
mixing path and increasing the interfacial area. The basic concepts for decreasing the mixing path used in 
passive micromixers are parallel lamination, sequential lamination, sequential segmentation, segmentation based 
on injection, and focusing (Vaclav Tesar, 2007).  

Mixing is a physical process to achieve homogeneity of the different components involved in the certain 
process. It is difficult to mix solutions in these miniature channels because there is no turbulence at such scales. 
When two channels join, the fluids flowing through them do not mix. Instead, they circulate side by side in the 
single channel that results from the joining of the two. In microsystems, with water as a fluid, the opposite is 
true: fluids do not mix convectively, when two fluid streams come together in a Microchannel, they flow in 
parallel, without eddies or turbulence, and the only mixing that occurs is the result of diffusion of molecules 
across the interface between the fluids (George,2006). There are in general three types of fluid flow in pipes are 
laminar, turbulent and transient.  Fluids with a high viscosity will flow more slowly and will generally not 
support eddy currents and therefore the internal roughness of the pipe will have no effect on the frictional 
resistance. This condition is known as laminar flow. Laminar flow generally happens when dealing with small 
pipes, low flow velocities and with highly viscous fluids. At low velocities fluids tend to flow without lateral 
mixing,and adjacent layers slide past one another like playing cards. There are neither cross currents nor eddies. 
Laminar flow can be regarded as a series of liquid cylinders in the pipe, where the innermost parts flow the 
fastest, and the cylinder touching the pipe isn't moving at all. Figure 1 (c) shows laminar flow in a microchannel. 
In turbulent flow, the fluid moves erratically in the form of cross currents and eddies. Turbulent flow happens in 
general at high flow rates and with larger pipes. Transitional flow is a mixture of laminar and turbulent flow, 
with turbulence in the center of the pipe, and laminar flow near the edges. Each of these flows behaves in 
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different manners in terms of their frictional energy loss while flowing, and have different equations that predict 
their behavior. Reynolds studied the conditions under which one type of flow changes into the other and found 
that the critical velocity, at which laminar flow changes into turbulent flow, depends on four quantities: the 
diameter of the tube, viscosity, density and average velocity of the liquid. He found that these four factors can 
be combined into one group and that the change in kind of flow occurs at a definite value of the group. The 
grouping of the variables so found was Reynolds Number. Turbulent or laminar flow is determined by 
Reynolds Number. 

 

    
           

(a)                    (b)               (c)  
 
Fig. 1: shows illustration the exchange of molecules across an interface between two different fluids activated 

by the molecules random motion; (a) before starting the exchange. (b) instantaneous state during 
exchange. (c) laminar flow in microchannels (George, 2006).  

 
Most mixing schemes are classified as either active or passive mixing. Passive Micromixers do not require 

external energy; the mixing process relies entirely on diffusion or chaotic advection. Passive mixers can be 
further categorized by the arrangement of the mixed phases: parallel lamination, serial lamination, injection, 
chaotic advection and droplet. Active Micromixers use the disturbance generated by an external field for the 
mixing process. Thus, active mixers can be categorized by the types of external disturbance effects such as 
pressure, temperature, electrohydrodynamics, dielectrophoretics, electrokinetics, magnetohydrodynamics and 
acoustics (Nam and Zhigang, 2004). 

 

 
 

Fig. 2: Classification scheme for micromixer (Nam and Zhigang, 2004). 
 
Christopher and Bartosz, 2003) as mentioned by Hard et al., “there is no single mixing concept fulfilling all 

the requirements set by the application envisaged”.  
 
Table 1: Performance of active micromixer in recent five years (Chia et.al, 2011). 

Categories Mixing Technique Mixing 
Time (ms) 

Mixing 
Length (µm) 

Mixing Index 

Acoustic / Ultrasonic acoustically driven 
sidewall-trapped microbubbles 

120 650 0.025 

Acoustic streaming 
induced by surface acoustic 
wave 

600 10 000 0.9 

Dielectrophoretic Chaotic advection based - 1000 0.85 
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on Linked Twisted Map 
Electrokinetic time-

pulsed 
Chaotic electric fields 100 Width* 5.0 0.95 
Periodic electro-osmotic 

flow 
- 200 0.88 

Electrohydro 
dynamic force 

Staggered herringbone 
structure 

- 825 0.2 

Staggered herringbone 
structure 

- 2300 0.5 

Thermal actuation Thermal - 6000 - 
Magneto-

hydrodynamic flow 
High operating frequency 1100 500 0.977 

Electrokinetic 
instability 

Low Reynolds number - 1200 0.98 
Low Reynolds number - 1200 0.98 

 
Table 2: Performance of passive micromixers in recent five years (Chia et.al, 2011) 

 
 

Mixing Technique Mixing 
Time (ms) 

Mixing Length 
(µm) 

Mixing Index 

Lamination Wedged shaped inlets 1 1 0.9 
90° rotation - - 0.95 

Zigzag 
channels 

Elliptic-shape barriers - 10,000 0.96 

3-D serpentine 
structure 

Folding structure 489 - 0.01 
Creeping structure - - 0.015 
Stacked shim structure - - - 
Multiple splitting, stretching 

and recombining flows 
- - - 

Unbalanced driving force - 815 0.91 
Embedded 

barriers 
SMX - - - 
Multidirectional vortices - 4255 0.72 

Twisted 
channels 

Split-and-recombine 730 96,000 ~1 

Surface-
chemistry 

T / Y mixer - 1000 0.95 

 

 
 

Fig. 4: Active micromixers: (a) serial segmentation, (b) pressure disturbance along the mixing channel, (c) 
integrated microstirrer in the mixing channel, (d) electrohydrodynamic disturbance, (e) dielectrophoretic 
disturbance, (f) electrokinetic disturbance in the mixing chamber and (g) electrokinetic disturbance in 
the mixing channel (Nam and Zhigang, 2004). 

 
According to Fick’s first law of diffusion, the flux of the diffusing species is proportional to the diffusivity 

and a divergence of the concentration. In addition, the mixing time increases in proportion to the square value of 
the diffusing distance and furthermore depends on the diffusivity of the diffusing compound. In order to speed 
up mixing, the essentials of a diffusion-based micromixer are, therefore, the maximization of the contact area of 
different fluids and the minimization of the diffusing distance (Jyh and Chun, 2011). For example where much 
current effort is directed is DNA “fingerprinting”, the exact identification of organisms. This has a vast potential 
not only for forensic purposes but also for objective diagnosis of illness by identification of the bacterial DNA 
and tailoring the medical treatment to the genetic makeup of the patient. This involves the polymerase chain 
reaction and analysis of the reaction product, again processes requiring precisely controlled handling of liquids. 
The small scale makes it possible to perform simultaneously a huge number of such analyses, perhaps in a 
portable “lab on chip”.  
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Fig. 5: Parallel lamination micromixer: (a) the basic T-mixer and (b) Y-mixer, (c) the concept of parallel 

lamination and (d) the concept of hydraulic focusing (Nam and Zhigang, 2004). 
 
H.M. Xia and S. Wan et al. (Xia and Wan, 2007) mentioned that mixing is critical to the miniaturisation of 

the systems as mixing must take place before any chemical or biological reaction can occur. However, because 
the physical dimensions of the flow structures in microfluidic systems are in the micro-scale, the Reynolds 
numbers characterising fluid-flow in microfluidic systems are well below the critical value for turbulence and 
the flow regime is, therefore, laminar. In other words, micromixers in microfluidic systems will have to rely on 
molecular diffusion, which is an extremely slow process; and various ingenious methods have been and are still 
actively developed to enhance mixing. (Ya-Hui Hu and Kao-Hui Lin, 2008), did a research on a novel passive 
micromixer with Y-type inlet and helical fluid channel. In comparison with the active micromixers, the passive 
micromixers do not require any moving parts, and the mixing is obtained from the natural movement of the 
fluids as they flow through the fluid channel of the mixer. The design of helical route increases the contact area 
of the mixing fluids that the uniform mixing can be achieved within a shorter mixing path and also the tortuous 
design can much reduce the mixer size.   

Microchannels are becoming an integral part of most microfluidic devices. Microfluidic systems consist of 
devices, usually mutually connected by interconnection channel. Microfluidic devices typically depend upon 
electrokinetic or traditional pressure methods to move microscopic amounts of fluid around a microchannel.  
Channels perform the essential but simplest of tasks: transferring fluid from one device into another, usually as a 
continuous fluid flow. The advantage of microchannel is there’s no real danger of short circuit the terminal 
compare with electric circuits. Due to various advantages that microchannels offer, their applications range from 
compact heat exchangers to MEMS devices that are used for biological and chemical analysis. 

At present, microchannels are used to transport and mix biological materials such as proteins, DNA, cells, 
etc. or to send chemical samples from one place to the other (Simon et al, 2007). Table 1 gives a summary of 
some experiments conducted by various researchers to investigate the behavior of fluid flow over a large range 
of Reynolds numbers, geometries and experimental conditions. Most of these experiments are aimed at 
determining the friction factor with respect to micro-channels. The physics of flow and energy transfer in 
microchannel devices is found to be quite different from that of macro-scale devices. Fluid flow in micro-
channels typically requires higher pressure differences and the flow rates are very small. Thus micro-channel 
flow phenomena often demand a different way of analysis and special numerical tools. The understanding of the 
unconventional physics involved in the manufacture and operation of small devices is crucial for designing, 
optimizing, fabricating and utilizing the improved MEMS (Simon et al, 2007).  

In dealing with the flow through micro-devices, the selection of physical and mathematical models, 
boundary conditions and solution procedure are quite critical. It is well known that the surface effects are going 
to dominate in micro devices (Knight, 1999). The million- fold increase of surface area relative to the mass of 
the minute devices (per unit volume), substantially affects the transport of mass, momentum and energy through 
the surface. A major difficulty in connection with the microchannel analysis is the geometrical complexity of the 
flow domain. Numerous designs of micro-channels have been proposed, including T and H shaped channels, 
zigzag shaped channels, 2D and 3D serpentine channels and multi-laminators. Table 3 gives a summary of some 
experiments based on microchannel. However, many discrepancies exist because of the difficulty in conducting 
micro-scale experiments. Most of these experiments are aimed at determining the friction factor with respect to 
micro-channels (Simon, 2007). 

The classical solution of the problem of steady laminar flow in straight ducts is based on a number of 
assumptions on flow conditions. They are (Hestroni et al, 2004): 
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(i)  The flow is generated by a force due to a static  pressure in the fluid. 
(ii)  The flow is stationary and fully developed, i.e. it is strictly axial. 
(iii)  The flow is laminar. 
(iv)  The Knudsen number is small enough so that the fluid is a continuous medium. 
(v)   There is no slip at the wall. 
(vi)  The fluids are incompressible Newtonian fluids with constant viscosity. 
(vii)  There is no heat transfer to/from the ambient medium. 
 (viii)The energy dissipation is negligible. 
(ix)  There is no fluid/wall interaction (except purely  viscous). 
(x)   The walls are straight. 
(xi)   The micro-channel walls are smooth. 
 
The T-sensor designed by Weigle and Yager (1999) for implementation of assays in micro-channels is quite 

popular. In this design a reference stream, a detection stream and a sample stream are introduced through 
multiple T junctions into a common channel. Differential diffusion rates are also fundamental to the design of 
Hfilter, used to separate components (Sculte et al., 2000). Splitting the streams and re-layering increases the 
interfacial area which promotes mixing. This layering approach was implemented by Branebjerg et al. (1996). 
By adding complexity to the flow field, this has good potential to increase the amount of mixing between the 
streams. The three dimensional serpentine channel proposed by Liu et al. (2000) was designed to introduce 
chaotic advection into the system and further enhance mixing (Simon, 2007). 

 

 
 
Fig. 22:  (a) Schematic of the T-junction rectangular microchannel; (b) 3-D profile of the microchannel (Yuchao,  
                2006). 
 
Table 3: Micro-channel experiments (Simon et. al, 2007). 

Channel Description 
      Shape                          Size           

Reynolds Number Range Reference 

Trapezoidal/ 
Rectangular 

d = 50~56µm 
w = 287~320µm 
l = 1cm 

200~600 Tuckeman & Pease (1981) 

Trapezoidal or U-
shaped 

d = 28~65µm 
w = 40~150µm 
l = 7.6~40.3mm 

200~15,000 Wu & Little (1983) 

Rectangular/ 
Trapezoidal 

d = 0.48~38.7µm 
w = 55~115µm 
l = 10.2~10.9mm 

<<1-80 (approx.) Pfahler et al. (1991) 

Rectangular d = 100~300µm 
w = 200~400µm 
l = 50mm 

50~4,000 Peng et al. (1994) 

Trapezoidal d = 20~40µm 
w = 40~150µm 
l = 11.7mm 

17~126 Wilding et al. (1994) 

Circular Trapezoidal 
&Triangular 

d = 8~42µm 
d= 13.4~46µm 
w = 35~110µm 
l = 2.50mm 

<1.2 (approx.) Jiang et al. 

Trapezoidal d = 27~63µm 
w = 100~1000µm 
l = 12~36mm 

<600 Flockhart & Dhariwal (1998) 

Rectangular (channel 
array) 

d = 30µm 
w = 600µm 
l = 3mm 

1~18 Papautsky et al. (1999a) 

Rectangular (channel 
array) 

d = 22.71~26.35µm 
w = 150~600µm 
l = 7.75mm 

0.001~10 Papautsky et al. (1999b) 

Trapezoidal d = 28~114µm 
w = 148~523µm 

10~1,450 Qu et al. (2001) 
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l = 28mm 
Circular d =3~81µm 30~20,000 Choi et al. 

(1991) 
Circular d = 19~102µm 250~20,000 Yu et al. (1995) 
Circular d = 50~254µm up to 2,500 Mala & Li (1999) 
Circular d = 75~242µm 50~2,500 Sharp et al. (2000) 

 

In particular, the experimental data of Wu and Little on trapezoidal glass and silicon micro-channels, 
indicated that for Re<1000 the flow is laminar, for 1000<Re<3000 the flow drops into the transition region and 
for Re>3000 the flow is fully turbulent. Choi et al., analyzing microtubes with an hydraulic diameter of 53 mm 
and 81.2 mm, indicated that the transition to turbulent flow occurs at Re=2000. They found that this value 
decreases for micro-channels having an hydraulic diameter smaller (Re=500 for Dh=9.7 mm and 6.9 mm) 
(Gian). The experimental analysis of metallic micro-channels conducted by Peng et al. indicated that the critical 
Reynolds values for the flow regimes through rectangular micro-channels could be less than the values found by 
Wu and Little; Peng and Peterson indicated that the Re[200-700] range represents the upper bond for laminar 
flow transition to turbulence. In particular, Peng and Peterson gave Re<400 for laminar flow, 400<Re<1000 for 
the transition region and Re>1000 for fully turbulent flow[11]. Harms et al. found that for deep rectangular 
micro-channels having an aspect ratio of 0.244 the critical Reynolds number is about 1500. Obot, analyzing 
critically the experimental works cited above, arrives to the conclusion that there is not strong experimental 
evidence to support the existence of transitional or turbulent flow for Reynolds number less than 1000. In 
addition, he underlines that there are misconceptions on the transition region in the literature on micro-channels 
(Gian). 
 
Techniques: 
 
Micromixer: 

 
(H. M. Xia and S. Wan, 2007) has developed a robust passive micromixer capable of efficient mixing in the 

laminar flow regime; a commercially available general purpose computational fluid dynamics (CFD) code, 
CFX, (a CFD software) was used. A low power 20 W Synrad CO2 laser was used to prototype the micromixer 
on acrylic; to experimentally tested, firstly to validate the CFD simulation set-up and secondly to confirm the 
soundness of the design. The improvements in the base design would then be simulated using the validated CFD 
set-up and then confirmed experimentally as outlined. It was decided at the outset to base the design of the 
passive micromixer on the principal of chaotic advection, which has been demonstrated to be capable of 
accelerating the mixing process even in low Reynolds laminar flow. 

 

 
 

Fig. 6: A typical scaled-up model used in the experiments (H. M. Xia and S. Wan, 2007) . 
 

                              
 

 
Fig. 7: Examples of chaotic micromixers developed and the plan view of micromixer, code-named: a) TLCCM- 
            A and b) TLCCM-B (H. M. Xia and S. Wan, 2007).  

 
The helical channel micromixer is conjoined with two PMMA plates which are a transparent cover plate 

and a base substrate as a device support. A 90° Y-type inlet was adopted for the input of mixing fluids and the 
traditional straight fluid channel was modified to a helical shape. The width and depth of the helical channel are 
0.2mm and 0.1mm, respectively. Ten herringbone segments were grooved on the bottom of the mixing plate; the 
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width and depth are 80μm and 25μm, respectively. The length of the shorter leg of the herringbone is 70μm, and 
the longer leg is 130μm (Ya-Hui and Kao, 2008). 

 

      
 
          (a)                                          (b)       (c) 
 

Fig. 10: (a) Designed geometry of the mixing layer. (b) Image of the helical channel [6]. (c) Four arrangements 
of herringbone: (a) mixer A, the tip toward the inlet the inlet and the legs are identical placed; (b) mixer 
B, the tip toward the inlet and the legs are alternate place; (c) mixer C, the tip outward the inlet and the 
legs are identical placed; (d) mixer D, the tip outward the inlet and the legs are alternate placed (Ya-
Hui and Kao, 2008). 

 
T-mixer or Y-mixer which consists of the inlets converging into a long microchannel can speed the mixing 

process that has been developed as a simple and effective solution (Andrew et. al, 1999). The T-sensor offers a 
number of advantages as a microfluidic chemical sensor. The more detailed example presented by Andrew Evan 
Kamholz et. al. in Quantitative Analysis of Molecular Interaction in a Microfluidic Channel: The T-Sensor 
(Andrew et. al, 1999) has demonstrates a method for using the T-sensor to quantitatively determine molecular 
properties. The set of properties considered in the model includes diffusion coefficients of both species and their 
complex and the forward and reverse rate constants. The version of the model in his study was two-dimensional; 
it considered concentrations across the d dimension and developed them down the length of the channel. 
 
Microchannel: 

 
Fluid flow in micro-channels typically requires higher pressure differences and the flow rates are very 

small. Thus micro-channel flow phenomena often demand a different way of analysis and special numerical 
tools.  An interesting aspect of fluid dynamics through micro-channels is lied to the transition from laminar to 
turbulent regime. Some studies indicate that the transition from laminar to turbulent flow in micro-scale 
passages takes place at “critical” Reynolds number ranging from 300 to 2000. (S.J Tan et.al, 2006) investigate 
Microfluidic design for bio-sample delivery to silicon nanowire biosensor – a simulation study. Different micro-
channel designs of relatively larger width aid in fluid release and sensors are placed strategically to attain high 
efficiency in bio-sample delivery (Tan et. al, 2006).  

 

 
 

Fig. 13: Schematic of a microfluidic device to attain bio-samples delivery efficiency. (a) Channel of shorter  
             width (b) Channel of larger width (Andrew et. al, 1999). 
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Fig. 14: Designs of different microchannel. (a) Design 1 (Constriction Design). Creating velocity variations 
with split channel designs (b) Design 2. (c) Design 3. (d) Design 4 (Andrew et. al, 1999). 

 
The first model shown in figure 14(a) is a constriction design. Its principle is to maintain the high efficiency 

as brought out with the schematics depicted in figure 13. In order to alleviate the impact on nano-wire due to 
high pressure and the sophistication of fluidic delivery systems for small volumetric flow rates, the channel 
width gradually decreases along the flow direction and then increases after a constriction. Nano-wire is placed 
across the constriction of its length restricted to the limitations of fabrication. Figure 14(b), figure 14(c) and 
figure 14(d) represent the differing approach for hydrodynamic focusing. The width of channels is maintained as 
in the constriction design to alleviate fluid delivery issues. The dissimilarity lies in the designs to create a split 
flow. The buffer channel denotes a region where the main bulk of the solution passes while the sample channel 
designates the entry location of bio-samples. Simulations for the micro channel designs are performed on 
commercial CFD software (Andrew et al, 1999). 

 
Microchamber: 

 
In the development of micro total analysis systems, it is often necessary to achieve complete, uniform 

filling of relatively large microchambers, such as those needed for nucleic acid amplification or detection. The 
experimental and simulation results of the pump rate by (Kin and Wen) in microfluidic mixing by fluidic 
disretization as a function of rotational speed of impeller is plotted in Figure 17. In the figure, they also 
compared the pump performance of two different sizes of the pump chamber, which are 3mm and 5mm in 
diameter. In general, due to the operating principle of the vortex micropump, the produced fluid flow rate is 
proportional to the impeller rotational speed. That is, the pump rate increases with the applied voltage of the DC 
motor. From the comparisons of two different sizes of the pump chamber, the difference in pumping 
performance is evident. Larger pump chamber can produce higher fluid flow rate and pressure. From the 
measurement data, the minimum pump rate is 0.11ml/min at the startup voltage (0.75V) of the DC motor. The 
maximum pump rate is 9.5ml/min at the applied voltage of 2.5V (Kin and Wen). 

 

 
 

Fig. 17: Comparison of experimental (solid line) and simulation (dotted line) results. The relationship of pump 
rate (water as pump medium) and rotational speed of impeller at zero back pressure. 

 
The idea is to manipulate fluids as “discretized elements” to increase the interfacial surface area such that 

the diffusion between fluids can be completed in a shorter time. That is, two vortex micropumps can be 
programmed to pump alternately high and low flow rate, and thereby force fluids coming from two different 
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inlets into a single channel with “chunks” of alternating fluidic mass (“discretized fluid”). When these chunks of 
fluids are forced into a sudden expansion chamber (“mixing chamber”), their interface increases dramatically, 
causing the fluids to mix downstream. Furthermore, to enhance the mixing performance, special geometry of the 
mixing chamber can also improve the diffusion of fluidic mass (Kin and Wen). 

 

 
 

Fig.18: The integrated microfluidic system (Kin and Wen). 
 

   
(a) and (b)           (c) 
 

Fig. 19: (a) The mixing chamber (3mm wide) with rectangular obstacles (424µm and 212 µm grid). (b) The 
mixing chamber (5mm diameter) and special microchannels (600µm wide) linked to it (Kin and Wen). 

 
Results: 

 
Micromixer: 

 
The CFD simulations indicate that good mixing could be achieved after five cycles, even at Re << 0.1. In 

then micromixer TCLCCM-A, within each cycle – say between section A1-A1 and section A2-A2 – the fluid 
stream is being mixed, divided and rotated in asymmetrically. For example, immediately after the two fluid 
streams meet at point a, they will divide asymmetrically as one fluid stream will be rotated asymmetrically 
before meeting again at point b. At point b, the two fluid streams will again divide asymmetrically, but in a 
somewhat different manner from that at point a. As a consequence, the flow streams are constantly being folded 
upon one another, resulting in finer and finer interleaving layers, thus reducing the mixing diffusion distance 
between the two fluids to be mixed. The close-up pictographs at different stages of the mixer show clearly the 
evolution of finer and finer striations as a result of chaotic advection. Hence the diffusion distance between the 
two liquids become increasingly smaller, leading to rapid mixing, even in laminar flow (Xia and Wan, 2007). 

 

 
 
Fig. 8: CFD mixing simulation results for mixer TLCCM-A. From top to bottom, Re=0.02, 0.2, 10 and 60. 

From left to right , cross-section A of the first 5 cycles. (Note:”A1” stads for ‘section A of cycle 1’) (Xia 
and Wan, 2007). 
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Fig. 9: The pictographs showing the progress of mixing at various stages of the passive micromixer (Xia and   
             Wan, 2007). 

 
The simulation results show that the best mixing was obtained in mixer A, a comparison between 

simulations and experiments for the mixing status in mixer A was implemented for the fluids with Reynolds 
numbers at Re = 1, Re = 5, and Re = 10. As it is shown, the tendency of the overall mixing efficiency of the 
numerical prediction is agreed with those obtained from the experimental measurements. The measured 
efficiency is a little higher than the simulated result in fluid channel but the final mixing efficiency around the 
outlet is almost the same for both cases. Since the uniform mixing can be achieved within a very short mixing 
path, the mixer size can be effectively reduced.  

 

 
 

Fig. 11: The full-field mixing images from (a) numerical simulations and (b) experiments. 
 
The results of T-sensor strongly suggest that it is suitable for modeling the primary processes in the T-

sensor. However, work subsequent to this study has suggested that molecule-wall interactions may significantly 
affect the apparent diffusion coefficient. In a device with such a high surface area-to-volume ratio, this is to be 
expected.  

 

 
 

Fig. 12: Conceptual rendering of the shape of the interdiffusion region as flow proceeds in the T-sensor  
              (Andrew, 1999). 

 
If diffusion only in the d dimension is considered (a) more diffusion will occur near the top and bottom 

surfaces, where the velocity is slow. This causes the intediffusion zone to be shaped like a butterfly and should 
occur in practice when the mean interdiffusion distance across d is significantly less than the width, w. 
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Considering diffusion in both the d and w dimensions (b) there will be equilibration across the width if the mean 
interdiffusion distance across d is significantly greater than w. This concept is based entirely on the distribution 
of residence times caused by the nonuniform velocity profile. Additional complications to the shape of the 
interdiffusion zone arise when the possibility of wall interactions is considered (Andrew, 1999). 

 
Microchannel: 

 

 
 

Fig. 15: (a) Velocity magnitude contour plot of design 1. (b) Pressure against displacement along the central  
               axis of design 1. 

 

 
 

Fig. 16: Contour streamline plots of merging flow at regions adjacent to section AA from figure 2. (a) Design 2.  
              (b) Design 3. (c) Design 4. 

 
Results show that design 2 attains a 71.3% focusing effect based on the ratio of changes in displacement of 

the particle to the original displacement from the side wall. The other two designs produce similar effects (Tan 
et  al, 2006). 

 
Microchamber: 

 
Two geometries of mixing chambers were studied in this experiment by Kin Fong Lei and Wen J. Li in 

microfluidic mixing by fluidic disretization. The discretized mixing had been successfully achieved without 
external energy in the chambers. The vortex micropump and discretized mixing technique presented in their 
paper can be used for the large-scale integrated microfluidic systems for the biooptical detection applications 
(Kin and Wen). 

 

 
 

Fig. 20: (a) A sequence of microscopic images of one cycle of the discretized fluid, which is discretized by the 
vortex micropumps at the swapping frequency of 6Hz. The fluid was pumped into the expansion 
(mixing) chamber with obstacles from left to right direction. The time distance of each image is 80ms. 
The fluid was blocked by the rectangular obstacles such that the flow field inside the mixing chamber 
becomes complex to enhance the mixing performance (Kin and Wen). 
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Fig. 21: A sequence of microscopic images of one cycle of the discretized fluid, which is discretized by the 
vortex micropumps at the swapping frequency of 6Hz. The fluid was pumped into the expansion 
(mixing) circular chamber with special linked microchannel from left to right direction. The time 
distance of each image is 80ms. The fluid was mixed inside the circular chamber (Kin and Wen). 

 
Conclusion: 

 
In micro-fluidic devices, the mixing relies solely on molecular inter-diffusion (Graveson et al., 1993), due 

to the absence of turbulence. Diffusive mixing can be optimized by maximization of the constitutive factors like 
the diffusion coefficient, interfacial surface area and the gradient of species concentration. Basically, ‘the art of 
micro-mixing’ translates to an efficient maximization of the interfacial surface area and concentration gradient. 
Also, convective mixing is commonly employed in the mixing devices. Mixing in micro-scale is performed 
either by energy input from the exterior (active mixing) or by the flow energy due to pumping action/hydrostatic 
potential (passive mixing). 
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