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Content and scope of the course

Outline
▪ Basics of fluid dynamics

▪ Existence of different types of flow regimes

▪ Laminar vs. turbulent flow

▪ How to predict the flow regime?  Reynolds number (Re)

▪ Laminar flow: properties

▪ Mixing under laminar flow conditions

▪ Diffusion phenomena

▪ Pumping in microfluidic systems

▪ Hydrodynamic pumping (pressure-driven pumping)

▪ Electro-driven pumping

▪ Other pumping strategies

▪ Laminar flow platforms (continuous flow)

▪ Droplet platforms (discrete/segmented flow)



Fluid dynamics - basics 

▪ Navier Stokes equation (conservation of impulse)

“Simplified” expression

▪ Steady flow, no external forces applied on the liquid

▪ Viscous regime

v: flow component in x-direction

also equations or y- and z-direction



Fluid dynamics - basics 

▪ Conservation of mass (continuity equation, liquid)

▪ Convection-diffusion equation (species in liquid)

𝜕𝜌

𝜕𝑡
+ 𝑑𝑖𝑣 𝜌𝑢 = 0



Steady state flow profiles

▪ Pressure-driven flow (Poiseuille flow)

▪ Shear-driven flow (Couette flow)

-



Hydraulic resistance of common channel geometries

Constant Δ𝑃 → constant flow rate Q 

Δ𝑃 = 𝑅ℎ𝑦𝑑𝑄

Analogy with Ohm’s law:

Δ𝑉 = 𝑅 I

Bruus, Theoretical Microfluidics



Overview flow profile toolbox



Laminar vs. turbulent flow

Laminar and Turbulent Flow

Laminar and Turbulent Flow

Laminar flow Turbulent flow

 When do we have a laminar flow? When do we have a turbulent flow?

http://www.math.rug.nl/~veldman/figures/dns-zoom.jpg

http://www.math.rug.nl/

http://alcheme.tamu.edu/wp-includes/images/icc3/Laminar2.jpg

http://alcheme.tamu.edu

Chaotic, unpredictable, disorganizedPredictable, organized, deterministic

http://blog.nialbarker.com/wp-content/uploads/2010/03/laminar_turbulent_flow.gif
http://blog.nialbarker.com/wp-content/uploads/2010/03/laminar_turbulent_flow.gif
http://www.google.nl/url?sa=i&rct=j&q=turbulent%20flow%20pictures&source=images&cd=&cad=rja&docid=_M8aYBZgKbvYdM&tbnid=T7-ViqYeI1hecM:&ved=0CAUQjRw&url=http://www.math.rug.nl/~veldman/cfd-gallery.html&ei=ONQhUtavC-rH0QWGioCQBA&bvm=bv.51495398,d.d2k&psig=AFQjCNFAlaOQw8kp1OwszPdq6sw7Ypzi8g&ust=1378035115546386
http://www.google.nl/url?sa=i&rct=j&q=laminar%20flow%20microfluidics&source=images&cd=&cad=rja&docid=ssTbArkbAbPQbM&tbnid=L3C5nX1T0HA6zM:&ved=0CAUQjRw&url=http://alcheme.tamu.edu/?page_id=6720&ei=O9UhUuSEN4em0AWUrYGIDg&psig=AFQjCNF6a2ps_4apUz9YxnnoGUwF0hu7qg&ust=1378035362923094


Laminar vs. turbulent flow

Laminar flow Turbulent flow

 When do we have a laminar flow? When do we have a turbulent flow?

When?

▪ High viscosity

▪ Small dimensions

▪ Low flow-rate/velocity

When?

▪ Low viscosity

▪ Large dimensions

▪ High flow-rate/velocity

Important parameters

▪ Viscosity of the fluid

▪ Dimension of the flow

▪ Flow velocity / flow-rate

http://www.personaltrainer.gr/images/article/wooden-honey-dipper-with-honey.jpghttp://www.visionsmartcenter.com/userfiles/Images/blood%20flow%201.jpg

Figure caption. A viscous thread (honey) is falling downwards by its own weight (left) and a jet of tap water falling into a sink (right).| Credit: Photographs by Celeste Villermaux / 
Eggers  Villermaux (2008)

http://www.logiciel-freeware.net/wallpapers/nature/cascade/cascade-wallpaper-12.jpg

http://www.google.nl/url?sa=i&rct=j&q=honey+pictures&source=images&cd=&cad=rja&docid=DkRglpZ61IktIM&tbnid=KBxN7-4LCfKDCM:&ved=0CAUQjRw&url=http://www.personaltrainer.gr/wwwgreek/article.asp?a_id=767&ei=UNYhUubEKNGR0QX2iIDICA&bvm=bv.51495398,d.d2k&psig=AFQjCNE7XU2kF6bP2Uwa2RxLAVrPkr0-Gg&ust=1378035662257579
http://www.google.nl/url?sa=i&rct=j&q=blood%20flow&source=images&cd=&cad=rja&docid=8YMpZ8d54oz8EM&tbnid=Xiqkoc4zJFYR7M:&ved=0CAUQjRw&url=http://www.visionsmartcenter.com/information/14/Blood%20Flow&ei=UNghUqXuOfKg0wXT3IHQCA&bvm=bv.51495398,d.d2k&psig=AFQjCNFi8dRKt2r72zIxVYj-vR0nEQQbFA&ust=1378036111275159
http://mappingignorance.org/fx/media/2013/04/pele-2.png
http://www.google.nl/url?sa=i&rct=j&q=cascade&source=images&cd=&cad=rja&docid=UHddzgXpwvbLpM&tbnid=QfSUAIKF5QSzdM:&ved=0CAUQjRw&url=http://www.logiciel-freeware.net/xcgal-displayimage.pid-443.htm&ei=IdchUtOxI4ec0QXRq4DwDA&bvm=bv.51495398,d.d2k&psig=AFQjCNFsdWa4lGNtf8WL-9RInKlz6weYfg&ust=1378035857227685


Laminar vs. turbulent flow

Reynolds number

𝜌 density of the fluid (kg/m3)
𝑣 average flow velocity (m/s)
𝑙 characteristic length of the flow (m)
𝜇 viscosity of the fluid (cP or kg/m.s or Pa.s)

▪ Dimensionless number

▪ Ratio between the inertial forces and the viscous forces (bulk vs. surface)

▪ Measure for transition between a laminar (low 𝑅𝑒) and a turbulent flow (high 𝑅𝑒) 

Examples

1. Microsystem 2. Large viscous flow



Microfluidics: laminar or tubulent flow?

Microfluidics

▪ High surface-to-volume ratio  surface phenomena predominant

▪ Small dimensions (< 100 µm)

▪ Low velocities (< mL/s)

 Mostly laminar flow profiles

Key-advantages

▪ Predictable flows, deterministic behavior

▪ Well-defined and controlled environment

Kenis et al., Science 285, 83 (1999) Micronics



Mixing in a laminar flow configuration?

How does mixing occur under laminar flow conditions?

 Mixing occurs via diffusion of molecules between the 

flows (passive transport or “random walk”)

▪ Mixing  turbulence (active transport)

▪ ????? No turbulence  no mixing ???

www.cellasic.com



Diffusion

Diffusion: 1st Fick’s law

𝐽 flux of molecules (mol/m2.s)
𝐷 diffusion coefficient (m2/s)
𝐶 concentration in species (mol/L or M)

 The higher the concentration gradient, the more efficient the diffusive transport 

Diffusion over time

Gaussian distribution

Average traveled distance



Mixing by diffusion: is it efficient?

Mixing time

𝑡 diffusion time (s)
𝐿 distance traveled by diffusion (m)
𝐷 diffusion coefficient (m2/s)

Examples

1. Sugar in hot coffee (D ~ 8.10-10 m2/s at 80°C; cup of ~10 cm)

2. Small molecule in water (D ~ 10-9 m2/s in chemical glassware (~10 cm) 

and microchannel (~ 100 µm )

▪ L = 10 cm (chemical glassware)  t = 107 s!

▪ L = 100 µm (microchannel)  t = 10 s!

 The smaller the better!!!!

 Better use a spoon for mixing!!!!



Diffusion coefficient

Stokes-Einstein relation

Examples

𝜇 = f T !!!!!! 

1. Diffusion coefficient

of a virus in blood

2. Diffusion coefficient of a 

protein in aqueous solution



Mixing in a laminar flow configuration?

… + …

Flow divided in 𝑛 sub-flows 

𝑛 = 10 → diffusion time 100 times lower!

▪ Small molecule in water (D ~ 10-9 m2/s)

▪ L = 100 µm (microchannel)  t = 10 s!

▪ If 10x fragmentations t = 100 ms!

▪ How to improve mixing in a laminar flow configuration?

Diffusion more efficient for smaller distances

 Let’s fragment the flow!



Mixing in a laminar flow configuration?

F. Bessoth et al., Anal. Comm. 1999, 36, 213.

t = 0

t = 9 ms

Mixing of two dyes in a fragmented flow (flow = 50 µL/min)

Commercially available (NanoMixer, Upchurch Scientific)



Taylor-Aris dispersion

𝐷𝑎𝑥 = 𝐷𝑚 + 𝜅
𝑣2𝑑2

𝐷𝑚
 

𝜅 =
1

192
 (cylinder)

𝜅 =
1

210
 (rectangular channel)

Cussler, Diffusion, 2009

Bruus, Theoretical microfluidics, 2008

linear velocity (m/s)

channel dimension (m)
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High Performance Liquid Chromatography
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High Performance Liquid Chromatography

In absence of mobile phase dispersion

detector

stationary

phase

due to stationary

phase

Reducing dispersion with structuring



High Performance Liquid Chromatography

detector

stationary

phase

due to stationary

phase

max. ⋕ separate bands: peak capacity

band 

width

Reducing dispersion with structuring



Taylor-Aris dispersion

70 µm x 200 µm channel

no grooves

grooves



How to pump in a microfluidic device?

http://www.contrepoints.org/wp-content/uploads/2013/07/shadoks.gif?16fe88

▪ How would you pump fluids in a microfluidic device?

http://www.google.nl/url?sa=i&rct=j&q=shadoks&source=images&cd=&cad=rja&docid=cRlZe3WOt-_rAM&tbnid=8zGW6D8EPh9lwM:&ved=0CAUQjRw&url=http://www.contrepoints.org/2013/07/11/130498-shadokeconomics/shadoks/&ei=jvohUsjxIojE0QWNsoCoBg&psig=AFQjCNFZ_N1uHw_GNy7-HPbGA4nON3TBDQ&ust=1378044927837035


How to pump in a microfluidic device?

▪ Pressure-driven flow
http://www.fluigent.com/wp-content/uploads/2013/07/microfluidic-syringe-pumps.png

www.fluigent.com

http://www.sisweb.com/art/lc/ne-1002X-small.jpg

▪ Parabolic flow profile  

Poiseuille flow 

▪ Flow resistance

Hagen-Poiseuille equation

▪ Parabolic flow profile: molecular dispersion

▪ The smaller the channel, the higher the resistance, the higher the risk for leakages!!

▪ Broad range of velocities

▪ Suitable for any fluid

Rect. channel (w>>h): 

http://www.google.nl/url?sa=i&rct=j&q=microfluidic%20set-up%20syringe%20pump&source=images&cd=&cad=rja&docid=i1BgWbkuVCAHBM&tbnid=5WawVSbj93qFqM:&ved=0CAUQjRw&url=http://www.fluigent.com/section/microfluidic-company-glossary/p/&ei=7fIhUouJNaO60QWF7YDwBw&bvm=bv.51495398,d.d2k&psig=AFQjCNHg-Mv7b9Xqa0DN-GDfZT-ZrBHFzw&ust=1378042977560843
http://www.google.nl/url?sa=i&rct=j&q=microfluidic%20set-up%20syringe%20pump&source=images&cd=&cad=rja&docid=hNzC_qIAsspX6M&tbnid=nTajNzA6Zo9ptM:&ved=0CAUQjRw&url=http://www.sisweb.com/lc/new-era-ne1002x.htm&ei=JfMhUqSjIJKN0wWN5IDgBA&bvm=bv.51495398,d.d2k&psig=AFQjCNHg-Mv7b9Xqa0DN-GDfZT-ZrBHFzw&ust=1378042977560843


How to pump in a microfluidic device?

▪ Electro-driven flow (or electro-osmotic pumping)

Pumping based on surface effects only for charged liquids
http://www.bioscience.org/2009/v14/af/3500/fig1.jpg

http://www.bioscience.org

▪ Capillary walls: charged (negatively)

 Accumulation of counter-ions at the surface

 Stern layer: counter-ions

 Diffuse layer: ions of both charges

▪ Application of an electric field

 Migration of cations towards the cathode

 Creation of a bulk flow towards the cathode

 Electro-osmotic flow
http://www.bioscience.org/2009/v14/af/3500/fig1.jpg

http://www.google.nl/url?sa=i&rct=j&q=electro-osmotic+flow&source=images&cd=&cad=rja&docid=ugX1oD8rSF450M&tbnid=85u7CvkIqPcYbM:&ved=0CAUQjRw&url=http://www.bioscience.org/2009/v14/af/3500/figures.htm&ei=2_UhUtntFMHX0QW-hYD4Ag&bvm=bv.51495398,d.d2k&psig=AFQjCNFm88c7rggWnZ__jhQl1RiYjLK3rw&ust=1378043724941442
http://www.google.nl/url?sa=i&rct=j&q=electro-osmotic+flow&source=images&cd=&cad=rja&docid=ugX1oD8rSF450M&tbnid=85u7CvkIqPcYbM:&ved=0CAUQjRw&url=http://www.bioscience.org/2009/v14/af/3500/figures.htm&ei=2_UhUtntFMHX0QW-hYD4Ag&bvm=bv.51495398,d.d2k&psig=AFQjCNFm88c7rggWnZ__jhQl1RiYjLK3rw&ust=1378043724941442


Electro- vs. pressure-driven flow profile

▪ flat flow profile: plug-flow 

 Simple integration in microfluidics

liquid control  switching voltages

CE-based separation in a microchip

1-2. Sample introduction; 

3-4. Sample injection; 

5. Sample separation

Electro-driven pumping or EOF-pumping (electro-osmotic flow) 

How to pump in a microfluidic device?

CE = capillary electrophoresis



EOF: double layer overlap
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• Parabolic-like flow profile

• Significant reduction of achievable flow velocity in 
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k: Boltzmann constant

Na Avogadro’s number

T: temperature, 

Cs the ionic strength, 

rp the radius of the channel

e0 the elementary charge unit. 

Cs: the ionic strength, 

rp: the radius of the channel

e0: the elementary charge unit

δ: double layer thickness 



How to pump in a microfluidic device?

▪ Passive pumping: creation of a flow using surface tension

Walker et al., 2002

▪ In which direction does the flow go?

∆𝑃 =
2𝛾

𝑅

Interfacial pressure in droplets

 The smaller the droplet, 

the higher pressure

𝛾 interfacial tension (N/m)
𝑅 radius of the droplet (m)

Berthier et al., 2007



How to pump in a microfluidic device?

▪ Centrifugal pumping

CD rotation  fluid motion.

Valve creation

hydrophobic treatment of the surface

▪ Lower spinning speed: no flow

▪ Higher spinning speed: flow

Madou et al, 2006  Zengerle et al, 2015  



Soil Transmitted Helminth (STH) infections

Neglected Tropical

Disease (NTD) 

affecting 1,5 billion

people worldwide



Control of STH infections

Need for more sensitive diagnostics

to monitor low infection levels during

transition from Mass Drug 

Administration (MDA)  to Surveillance 

Phase



Single Image Parasite Quantification (SIMPAQ)

Lab-on-a-disc device using

centrifugal forces to drive 

parasite eggs in flotation

solution of stool to Field of View 

(FOV)

Sukas, S., Van Dorst, B., Kryj, A., Lagatie, O., De Malsche, W., Stuyver, L.J. 

(2019) Development of a Lab-on-a-Disk Platform with Digital Imaging for 

Identification and Counting of Parasite Eggs in Human and Animal Stool. 

Micromachines, 10, 852., 



Single Image Parasite Quantification (SIMPAQ)

Test result captured in 

one picture for visual

and/or automated

analysis 



Laminar flow platforms

▪ Continuous flow microfluidic platforms

▪ Well-defined, deterministic flow

▪ Highly predictable and controlled flow

▪ Poor mixing efficiency

▪ Molecular transport solely based on diffusion



Laminar flow platforms – gradient generation

www.cellasic.com

A

Courtesy Dr. van Uitert

Applications 

▪ Cell biology: Cells are not only responsive to the presence of certain

substances but also to gradients thereof (chemotaxis).

▪ Drug screening assays: The effect of drugs is concentration-dependent

and the effect of a drug must be studied for a range of concentrations.



Laminar flow platforms

▪ H-filter (sample purification)

Small molecules; D = 10-9 m2/s

t = 1 s  ddiff = 45 μm

2 s  63 μm

5 s  100 μm

Large molecules (proteins); D = 10-11 m2/s

t = 1 s  ddiff = 4.5 μm

2 s  6.3 μm

5 s  10.0 μm

Yager et al., Nature, 2006

 Removal of small

particles and concentration

of large particles

▪ What happens if my sample input contains both large and small molecules?

Contact between

flows



Laminar flow platforms

▪ Flow focusing – gel polymerisation

1. Hydrodynamic focusing

▪ Essential for cell analysis using flow cytometry

▪ 1 cell at a time in the flow 

▪ Cell detection and analysis with a laser

2. Gel polymerisation in a channel

Kim et al., 2007

http://flow.csc.mrc.ac.uk/wp-content/uploads/fcm-fig1-overview1.jpg

In situ polymerisation of 

a hydrogel for cell

culture in a microdevice

http://www.google.nl/url?sa=i&rct=j&q=flow+cytometry&source=images&cd=&cad=rja&docid=7BygThi40pyHdM&tbnid=HbDLArstb8IDXM:&ved=0CAUQjRw&url=http://flow.csc.mrc.ac.uk/?page_id=852&ei=XQIiUozZAaqV0AXp3oGAAg&bvm=bv.51495398,d.d2k&psig=AFQjCNFT_YNs5Lpinu39TzMmCQpHkkSfoA&ust=1378046929462367


Droplet microfluidics

Principle: Creation of aqueous droplets (fL-nL) in a continuous oil phase (or vice/versa*)

Droplet

Motivations: 

▪ Material sciences: creation of a well defined emulsion  particle

synthesis with a narrow size distribution

▪ Chemical & life sciences: creation of smaller microreactors; 

higher reaction confinement; eventually single molecule reaction

Baroud et al., Lab Chip, 2010; Shui et al., Lab Chip, 2008.



Droplet microfluidic: generation

▪ Deviation in size distribution < 1-3% !!!!

Capillary number

𝜇 viscosity of the fluid (cP or kg/m.s or Pa.s)
𝑣 average flow velocity (m/s)
𝛾 surface tension (N/m)

▪ Dimensionless number

▪ Ratio between the viscous forces and the interfacial forces

Droplet formation  interfacial forces dominant, so low 𝑪𝒂

▪ Addition of surfactants in the aqueous phase for droplet stabilization



Parallel versus segmented flow

Anne-Laure Dessimoz, Laurent Cavin, Albert Renken, Lioubov Kiwi-Minsker, Chemical Engineering 

Science 63 (2008), 4035-4044.



Droplet microfluidic: the toolbox

Droplet fusion Droplet fission

Droplet incubation - parkingDroplet mixing



Droplet microfluidic – single cell analysis

▪ Encapsulation of single cells in droplets: generation of 100-1000 droplets/s

▪ Incubation with specific drugs and on-chip read-out (live/dead assay)

▪ Drug-loaded droplets encoded with a dye for drug identification

▪ Cell viability determined with a live/dead assay (green cells viable; red cells dead)

Bouzes et al., PNAS, 2009



Droplet microfluidic – particle polymerization

▪ Addition of polymerizing agents in the

aqueous (disperse) phase

▪ Polymerization initiated using, e.g., UV

light

▪ Shape of the particle dictated by fluidic

structure

▪ Examples of hydrogel particles

loaded with cells (green objects)

▪ Polymer nanoparticles

▪ Encapsulation of smaller beads in

“larger” particles

Teh et al., Lab Chip, 2008.Wang et al., Small, 2011.



Conclusion

▪ Microfluidic devices

▪ Laminar flow profile: deterministic behavior, highly controlled environment

▪ Reynolds number: transition between turbulent and laminar flow

▪ Diffusion: important phenomenon at the microscale

▪ Mixing depending upon diffusion under a laminar flow configuration

▪ Pumping liquids at the microscale: hydrodynamic, electro-osmotic, passive,

centrifugal, peristaltic pumping etc..

▪ Important platforms: laminar flow (Y-shape configuration); droplet microfluidics

𝜌 density of the fluid (kg/m3)
𝑣 average flow velocity (m/s)
𝑙 characteristic length of the flow (m)
𝜇 viscosity of the fluid (cP or kg/m.s or Pa.s)

𝑡 diffusion time (s)
𝐿 distance traveled by diffusion (m)
𝐷 diffusion coefficient (m2/s)
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