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flows-Mixing in micro

(Various approaches to the same problem:

Enhancement of mixing)

V. Steinberg

Lecture 4

Summer  School in Microfluidics, 

August 8-26, 2005, ICTP, Trieste, Italy



Methods used up to now:

1. 3D serpentine to promote chaotic mixing (Re>1)

2. 3D micro-vascular network

3. Placement of slanted walls at T-junctions

4. Flow obstacles

5. Electro-kinetic flow instability

6. Electro-hydrodynamic mixing

7. Hydrodynamic focusing

8. Internal circulation in droplets under shear

9. Bas-relief structures on the walls or floor of the channel to initiate 
steady chaotic mixing (staggering herringbone mixer)

10. Topological mixing (Hamiltonian chaos)

11. Periodic chaotic flow (spatio-temporal resonances)

12. Complex visco-elastic flow

mostly passive mixers will be discussed





Quantification of mixing
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D -deviation from mixing that is

normalized by the value at the 

incoming junction

iI maxIand         are the intensity at pixel I and the maximum 

intensity, respectively, observed at any pixel in a fully 

mixed system

N is the number of pixels

normiD ,
has value 0 for perfectly mixed state, 

and value 1 for completely unmixed one

1Qtres for Newtonian fluid where Q is the fluid discharge









Parameters of the experiment and 

characterization of mixing effectiveness

• Solution low viscosity results in rather high velocity at the 
elastic instability threshold and rather small

• Rather high diffusion coefficient of fluorescent dye leads 
to effective diffusive mixing (                    )

• Geometry of the micro-channel and flow regime result in 
rather low effective mixing compared with elastic 
turbulence ( 2-3 times instead of 5-6 orders)

• Due to poor characterization of the flow (velocity and 
concentration fields) it is not clear what is the character of 
the flow
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Staggered herringbone mixer (SHM)
A. Stroock et al, Science 295, 647 (2002) 

• Relevant parameters of the problem:

• Mixing length along the channel:

can be extremely long and grows linearly with Pe

• Solution for the problem-transverse flow component that stretches 

and folds a fluid element and in this way reduces the mixing length
by decreasing the average distance over which the diffusion should 
act. One of the possibilities- stationary chaotic flow. Then the mixing 
length

and 0<Re<100
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From simple to three-dimensional laminar

flows: Controlling flow with topography

Anisotropic Response: More resistance to flow over

bumps (x) than along ridges and valleys (y) (transverse response)

Corrugations produce a three-dimensional flow!

This kind of effect is very useful for mixing!



Ridges produce anisotropic resistance to viscous flow

and generate helical circulation flow

Confocal micrographs





Staggered herringbone mixer (SHM)
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Estimates of mixing length
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Mixing of protein solutions due to 

diffusion
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The solution for chaotic mixing: to perform

series of Baker’s transformations-

repeated stretching and folding. As the result,

the interface grows exponentially and the width of

unmixed regions decreases exponentially in time



Baker’s transformation





Description of principle of 

topological mixer

Topological mixer consists of microfluidic elements –splitters, turns, 

and combiners -that retain the concentration profile across the channel.

Flow is splitted into two identical streams, and through series of turns, 

rotate the concentration profile by   in opposite direction in each channel.

Upon recombination, the concentration profile gradients are doubled.

2/

Topological structure leads to repeatedly fold the flow and double the lateral 

concentration gradient deterministically in a very compact geometry. So, it 

Performs a series of Baker’s transformations on the concentration profiles.

This creates a layered fluid stream in a process that decreases the required 

channel length exponentially with the number of microfluidic elements

on the chip. (It is in contrast to flow laminating technique, e.g. micro-nozzle,

that only quadratically decreases the mixing length with the number 

of elements.)
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Pe from 0.69 till 13.9



Chaotic mixing in a steady flow in 

channel-micro
C. Simonnet and A. Groisman, PRL 94, 13401 (2005)

Flow can be chaotic not only in time-periodic flows

but even in steady open flows, if flow lines are 

diverging exponentially.

 As an example of such flow was considered in SHM mixer

but it was not clear whether the decay was exponential as was 

found in the Batchelor regime mixer.



34 stirring elements
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Spatio-temporal resonances in mixing of 

open viscous fluids

F.Okkels&P.Tabeling, PRL 92, 038301(2004)

An attempt to produce an interface instability via external driving-new 

dynamical phenomenon that can occur in a broad range of viscous,

periodically driven open system- example of active mixer 

Re<1, creeping flow, linear mixer
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f(t)=

V-main velocity
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64.410 3 F Gray scale is proportional to logF

(good mixing-dark)
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Hydrodynamic focusing: mixing 

nanoliters in microseconds

J. Knight et al, PRL 80, 3863 (1998)

is PP / Focusing is observed in some range of

01.028.1&01.048.0 maxmin

Focusing can be described by a simple circuit model:

IUQP ,,

Relation between fluid flux and pressure is the same as Ohm’s law 

due to linear equations of motion for low Re viscous fluid
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ratio of the inlet resistance

to the side resistance


