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Emulsions (= Systems of MANY drops) are important in 

many every day and industrial contexts such as: 

 

• in foods, 

• in the paint, dyeing and tanning industries,  

• in the manufacture of synthetic rubber and plastics,  

• in the preparation of cosmetics such as shampoos,  

• in salves and pharmaceutical products for drug delivery,  

• in the petroleum industry for certain drilling muds, for 

enhanced oil recovery, in oil refining and oil separation 

(de-emulsification) and oil&gas transport. 

Emulsions are important in many every day and industrial contexts 



«Classical» («chemical») emulsions 

«Classical» («chemical») emulsions 

Ebind>~kBT 



                                                                       

Colloidal particles as emulsion stabilizers: 
Pickering («physical») emulsions 

Pickering («physical») emulsions 



Drawing by Ernesto Altshuler 



Oil drops in saline water with suspended  
Laponite clay particles:  
Pickering emulsion 

No salt:  
Pickering film  
not observable by 
Raman microscopy. 
Observable surface tension. 

With salt: 
~ 4 mm Pickering film. 
Increased surface tension. 



Cipro (ciprofloxacin) is an antibiotic in a group of drugs called fluoroquinolones (flor-

o-KWIN-o-lones). It is used to fight bacteria in the body. Cipro is used to treat different types of bacterial 

infections. It may also be used to prevent or slow anthrax after exposure. 

C17H18FN3O3 

  

    
  

Positive  Dipole  Negative 

Intercalates by far best for acid pH 

Different intercalation mechanism at pH 7? 

Rapid release at basic pH 

Techniques: XRD, UV-VIS Spectroscopy 

Zwitterionic 



Translation 

stages 

Sample cell 

2x ITO transparent electrodes 

2x glass walls 

Non-conductive 

Experimental setup at NTNU Trondheim 



1st Microscope with camera 

Experimental setup at NTNU Trondheim 



2nd Microscope with camera 

Experimental setup at NTNU Trondheim 



Electrodes 

+ 

oscillosope 

signal generator 

amplifier 

Experimental setup at NTNU Trondheim 



Light source 

Experimental setup at NTNU Trondheim 



PC for image  

recording and analysis 

Experimental setup at NTNU Trondheim 



What did we see under the microscope? 



DC E-field ~ 200 V/mm 

~1 mm 

Sample cell 
2x ITO transparent  
electrodes 

2x glass walls Non-conductive 

Clay in silicone oil dispersion 
(~ 1 mm diameter drop) 

 

Castor oil  
(continuous phase) 

Translation 

stages 



Ribbon-like structure of clay particles: Experiments at NTNU Trondheim 

E-field induces flows of liquids 

Speeded up 

x10 



Sir Geoffrey Ingram Taylor (1886-1975) 

Described as "one of the 
most notable scientists of 
the 20th century” 



Allan, RS & Mason, SG, 1962 Pros. Roy. Soc. A, 267, 45—61 



Fluid drops subject to a uniform electric DC field 

      Perfect dielectric drop:   

  Drop deformation 

 

      Weakly conducting drop (G. I. Taylor’s insight)::    

  Drop deformation and hydrodynamic flow  

Prolate shape 

Oblate shape 

E

E



• Conductor fluids:  water, mercury 

• Dielectric fluids:  benzene 

• “Leaky dielectric” fluids:  castor oil, corn oil, mineral oils, etc 

Proc. R. Soc. Lond. A 291,159-166 (1966) 
(see also review by Saville - 1997) 



EHD 

Coupling two undergrad  

textbook chapters 



Maxwell-Wagner charge relaxation time 

Ohmic conductor: 

1
0

f

f

MWt







 



/ MWt

f

MW

e












J = E

f  E

0
f

t


 


J

Exponential decay of free charges in bulk: 

Maxwell (Gauss) equation: 

Charge conservation: 

Keep free charges 

Conducting fluids 

Time it takes to  

reach electrical 

stationary state 

Maxwell-Wagner time 



Maxwell-Wagner charge relaxation time: 
Example 

After about 1 second there are no free charges in bulk, only at boundaries 
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Castor oil: 

45 /pS m 

04.7 

4 /pS m 

02.1 

Silicon oil: 

Combined MW time: 
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Conducting fluids 
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Free  charges on the droplet surface: 

ˆ
ˆ3 ( )cos( )

ˆ
f E


   

 
 



 

̂ ̂
















Conducting fluids 



Electric forces on the drop surface 
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Deforms the drop 

Induce fluid flow 
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Electrostatics and hydrodynamics only couple through surface stress balance 

𝛻𝑝 = 𝜂𝛻2𝑣  

𝛻 ∙ 𝑣 = 0 

𝑻𝑯 = −𝑝𝛿𝑖𝑗 + 𝜂
𝜕𝑣𝑖

𝜕𝑥𝑗
+

𝜕𝑣𝑗

𝜕𝑥𝑖
 

𝛻 × 𝐸 = 0 

𝑻𝑀 = 휀 𝐸𝑖𝐸𝑗 −
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Electrostatics Hydrodynamics 

𝑻𝑯 = 𝑻𝒏 

fE  




Low Reynolds hydrodynamics:  

Balance of viscous and electric forces: 

Melcher and Taylor (1969) 

In bulk:   0 

2 0p    v

Standard Stokes hydrodynamics + electric forces at interfaces: 
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Low Reynolds electro-Hydrodynamics:  

Drop 



Taylor EHD model prediction for leaky-dielectric drops: 

Hydrodynamic surface flow due to electric 
surface stress 
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Drop deformation: 
2 ˆ ˆˆ9
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The model predicts  D< 0  for silicon oil in castor oil , and D>0 for castor oil in silicon oil  
in agreement with experiments. Note  that the time it takes for 1  turn a/v independent of a) 

a 



Condition 1: Two leaky dielectric liquids 

Condition 2:  𝜎𝑑𝑟𝑜𝑝 < 𝜎𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 

Free charge accumulation 

When DC E-field applied: 

Maxwell electric stress  

Liquid circulation flows  

Oblate deformation 

Electro-hydrodynamic Taylor flow 

Ribbon structure 

DC E-field ~ 200 V/mm 



From Taylors original paper: 
G.I. Taylor: Proc. R. Soc. Lond. A 291,159-166 (1966) 

Conducting fluids 



Electro-hydrodynamic flow: Experiments at NTNU Trondheim 

Tracing PE beads in a drop  

subjected to an electric field: 

E



Monodisperse 
emulsions 



Monodisperse 
emulsions 



Table-top experiment: 



for low viscosity ratio 



• Clay particles goes to the surface of the drop. 

• Particles form a ribbon. 

• Electro-rheological chains in the ribbon. 

• Flow field inside drop 

E 

 Clay-oil drop in electric fields 



Ribbon-like structure: Experiments at NTNU Trondheim 



Maxwell times determines direction of flow 

 ˆ  ˆ

Flow towards equator Flow towards poles 
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Our Condition 1: Two leaky dielectric liquids 

Our Condition 2:  𝜎𝑑𝑟𝑜𝑝 < 𝜎𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 

Electro-hydrodynamic flow 

𝜎𝑑𝑟𝑜𝑝 > 𝜎𝑠𝑢𝑟𝑟𝑜𝑢𝑛𝑑𝑖𝑛𝑔 If insted 

then the flow is reversed and the  

particles are transported to the 

electrical poles rather than  

to the electrical equator 

Drop fluid 

Colloidal caps 



Coffe ring effect: 
Convective deposition by hydrodynamic flow 
(No direct electrical forces on particles) 

R. D. Deegan, O. Bakajin, T. F. Dupont, G. Huber, S. R. Nagel, T. A. Witten (1997). "Capillary flow 
as the cause of ring stains from dried liquid drops". Nature 389 (6653): 827–829 



There are weak direct electrical forces on our particles  
 
Convective deposition dominates here: 

NOT Electrophoresis 

NOT Dielectrophoresis 



Oblate-to-Prolate transition 

Dipole-dipole interactions Electro-hydrodynamic flow 



Oblate-to-Prolate transition 



                                                                       

Pickering («physical») emulsions 


